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ABSTRACT

Presented is a description of the work accomplished in sum-

marizing current valve design technology and providing funda-

mental metal-to-metal seating characteristic design data.

The program was conducted in two phases.

Phase I-LAI a suwrvey of pertinent patents, technical litera-

ture, and industry data to determine current technology levels

and indicate specific areas where information was lacking or

obsolete. The accumulated material produced little worthwhile

information on either the mechanics of sealing or the correla-

tion between theoretical and actual characteristics.

Phase II effort involved analytical and empirical studies

of the detail aspects of valve sealing. Test models were

fabricated with particular emphasis placed on describing the

resultant sealing surfaces. Leakage flow data were obtained

for the near-seated condition resulting in good correlation

with theoretical predictions. The stress-leakage relation-

ship in the on-seated condition was empirically investigated

as a function of surface and material variations, pressure,

and fluid. The resulting information, together with inspection

evidence supporting deduced test surface finish conditions,

is presented.A\>A mathematical seat model and analytical

technique was formulated which permits order-of-magnitude

prediction of the stress-leakage characteristic and is pre-

sented in the form of derivation and graphs of parametric

stress vs leakage data.
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INTRODUCTION

Poppet and seat design is largely an individual effort in which the

designer draws upon past experience, ingenuity, and a repertory of design

data. The data, to a degree, is a measure of the designer's capability

because there is seldom ample time or finances to undertake lengthy

analyses or experimental evaluations. Because of the limited access of

test-correlated design information, rocket engine valves are continuously

being redeveloped throughout the missile and spacecraft industry. Attend-

ant advances in the state-of-the-art have been slow with new developments

obscured and often not pursued.

To reduce this waste, a program to create a component designers handbook

has been instituted. Inputs from various contractors will cover the major

aspects of component design endeavor.

This report describes the work accomplisLed by Rocketdyne in gathering

the present technology in valve design and providing fundamental infor-

mation in the area of least information, valve seating and leakage.

The program was conducted in two phases from July 1962 through October

1963. Phase I was a survey of patents, literature, and industry. The

purpose of the survey was to compile existing data and direct the main

effort of the program by defining the needs of valve designers. While

information was found to be required in many facets of valve poppet and

seat design, a concentration of the effort on the most specific problem

area, valve seating, would result in more worthwhile data and avoid

generalizations of little design value. Consequently, Phase II was devoted

to a detailed analytical and experimental investigation of metal surfaces,

their measurement, and a definition of some of the governing leakage

equations. The experimental effort was confined to simple flat poppet

and seat models fabricated and tested so that individual variables could

be controlled, measured, and if possible, analytically correlated with

1



with seating equations describing leakage, scat-land pressure distribution,
and surface deformations with load. Where correlation was not possible,
the detail definition of the material and geometric surface properties
provide a qualitative frame of reference for design purposes. Combinedwith azi understanding of the configuration and deformation characteristicsof surfaces, design dppiuig ..... _,

of ......... ,egit. it uesvd on more than guess work,

2
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An extensive survey of patents, literat re, and industry has been
complet., The .. urpose of lh 811"rvey phase w to cun.pi'. tioting use-

ful design data and define the needs of valve designers based en an

analysis of the survey results.

PATENT 6EMLCI!

Purpose

The purpose of the patent search was to uncover worthwhile designs not in

common use.

Approach

The Manual of Classification lor the U.s. Patent Office was analyzed for

the classes most likely to contain pertinent material. Classes 137,

(Flui.1 Handling) and 251 (Valves and Valve Actuatio,) were studied for

applicable subclasses. Although class 137 contained all line condition

change responsive valves, i.e., check valves, regulators, relief valves,

dealing in valves per se, class 251 was considered more directly applicable

to poppets and seats. Class 251 definitions were obtained, and further

study resulted in ordering original and cross-reference patent lists for

the 26 subclasses (Table 1).

An analysis of the patent lists and a short computer program to sort

duplicate numbers from cross references led to ordering 273 original and

248 cross-reference patents. The original patents covered all those

filed in the 26 subclasses from patent number 2,500,000 (approximately

3
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1950) up to 26 Jul 1962. Tlie cross references were sorted from 2358

patent numbers comprising the original and cross-reference patents in

the 26 subclasses spaining the same period. Because of the quantities

involved, only cross-referenced patents from 11 of the 26 subclasses

were ordered from patent number 2,700,000 (approximately 1955) up to

26 July 1962.

The patents were given three separate appraisals. The first appraisal

categorized the patents as "not applicable" and "possibly applicable,"

The potentially useful patents were then more carefully screened for

potential application and/ or useful ideas. A close examination of the

remaining patents was made by the responsible program personnel.

A meeting held with Space Technology Laborittories (STL)to compare the

Rocketdyie program with their advanced valve program (NASA) resulted in

obtaining 80 valve patents from their search. These patents were

assessed, bringing the total number of patents covered to 601.

Results

Table 1 summarizes the numerical results of the search. Of particular

note is t , number of cross-reference duplicates (92 out of 34j0 or

27 percent).

A study of the 273 original patents revealed no useful designs. Further-

more, the general application of the vast majority of the original patent

valves would be industrial with little relation to the commonly recognized

aircraft configurations. The cross-reference patents contained 11 designs

of interest viz., six ball valves, two butterfly valves, and one expansible

sleeve valve. A review of STL patents indicated seven designs of interest

comprising four poppet designs of known aircraft application, twe ball

valves, and one self-aligning poppet arrangement.

6



These noteiorthy designs are listed in Table 2 with pertinent data and

a brief description of key feiitures. Except for the valves of known

aircraft application, further consideration of these designs might show

some to be worthwhile approaches.

Conclusions

Appraisal of the search approach and the results obtained has led to the

follbwing conclusions:

1. The key features claimed in patents are, in most cases,

unproved and buried under wording which necessitates careful

study by experts to ascertain net worth. Even then the results

of the study are of questionable value.

2. A small cross section of the patent literature has been reviewed.

A rough estimate of the time required to search the 512 most

pertinent subclasses of classes 137 and 251 through 1950 can be

obtained by extrapolating the data of Table 1 (26 subclasses

partially reviewed). Such an estimate indicates that the patent

files contain approximately 51400 original and l4,00() cross-reference

patents. Considering the manhours expended by Rocketdyne to

study 600 patents, the 19,400 patents could require up to 5 man-

years to digest. A complete search would probably exceed

10-man-years. In view of this appraisal, it is concluded that

the attempt to uncover worthwhile approaches to poppet and seat

design through a patent literature search is not economically

productive or even feasible in the manner described herein.

7



a0
00

4, 0
.0 .4

g~ S. ,

'a 0 0
4, a

a to 0

do a 4

a.r a a a

41 a. S . 6 ~ E
* r6 01 93 go IQ %.U.~- a .

o0 v C3 -3 A- l a '
a a -4 a0 0 a -- 4 4,

L. a, .0 0 1 0 6 4 ~
o6 to %.1 4 1 , a w S

*~C 414 > 4 . u , -

ow. cs4 4 0 a * 4

A Aa a .31

42 to a 04.-' 5. 0
.4 ~ ~ ~ ~ 4 e.0 5 -* aa l0

41 .4 W D a a (

a~~~ 0 . .

4, CA - 04

a ~ ~ ~ z -, .- S4 a S a A E

S. C3 91 a14 a 41
- 0S 41 4,

C, a 4, S . a2 0

S S. - -~ n 'a% '0 C a a? . ta4 1a 1 1 5 4 0 4 aE
-n L% 40 6M n I's 0. a. A -

N 41.4 0 4 C11 CA C11 N N N.
Qa

4,~~~~~C 01 4 ,A - 0 0 ~ a -

044 V V c 04 L4 CA N. M N,; C

4, S. a 4,



LITEIRATURE SURlVE"Y

purpose

The purpose of the literature survey was to (1) assess the available

literature on the pertinent aspects of valve design and thus facilitate

direction of the developwent phase of this program. and (2) present the

literature in a bibliographic form expressly suitable for use in valve

design.

An attempt was made to obtain all of the pertinent literature, and much

of what was considered potentially applicable, through an exhaustive

literature search. The methods and scope of the search are in Appendix A

with the bibliography.

Briefly, the search consisted of a thorough review of all pertinent

index-type references and available card catalogues considered useful in

the Los Angeles area. Fourteen technical indexes and five card catalogues

were searched under 47 categories. These sources covered domestic and

foreign translations of reports, artile s, bibliograplies, text t.', and

graduate theses. The time spanned by these sources was "pproximitely

1951 to 1962. Material through the classification of secret was reviewed.

The total number of references extracted was approximately 600; however,

only the most applicable 286 references were retained for inclusion in

the bibliography.

Organization and Appraisal of the Literature

The literature has been organized under 7 major headings and 24 sub-

headings to facilitate retrieval and over-all appraisal.
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All but 4a9 of the 280 documents referenced were examined for subject

COltt',t dLider the various subheadings. In addition to the primary

top,,, subject mattex which was considered to be useful to valve

deaigniers is noted following the abstract and also referenced within

Lhe applicable subsections.

The rcfeier,.s and crobs refcrence within a specific heading combine to

make up the ,A. 'Leratu-e uvaiiable on that subject. If it is assumed

that the references cited -'p csert all available literature, at least on

the wos. per ,t ut ts, an appraisal of the extent of literature

publihrd iuould be u'tful f.r ascertaining areas requiring additional

reiearcd. While no claims for such completeness can be made, a review

of the citationa within each reference has shown that virtually all

pprtinent literature has been referenced; therefore, the indication of

a:chaustiveness is evident.

Table 3 summarizes the numerical results of the survey. The first chart

shows the number of references and cross references contained within

each subsection along with the percent of total references. With these

data, the gross quantity of published information on a given subject

can be ascertained.

The second bar chart uses the subject appraisal of each document to

ahow the total subject material within a given subsection. Each bar

represents the sum of the original references plus the total of the

individual subjects contained within each reference. (The 15 percent

of the literature not obtained for appraisal is not included.) The

subsections spaned by the subject matter are indicated by the number at

the end of each bar. With the aid of this chart, the scope of subject

material covered by each subsection can be determined. Therefore sub-

sections such as 1.3 and 7.0 covering numerous subjects, are readily

recognized.
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A count of the references and their industry orientation shows that

175 of the 286 references are on valves per se (61 percent). Of these,

59 percent are aircraft oriented. The over-all orientation of the bibliog-

raphy is aircraft with 197 of the references so cited.

Conclusions

Analysis of the bibliography and Table 3 has led to the following

conclusions:

1. Excluding material on servovalves, there are no difinitive

articles, books, or reports dealing broadly with the general

subject of rocket and spacecraft valve design. Furthermore, only

one article was found (7.0-12, "Handbook of Astronautical

Engineering") describing a group or class of such aerospace valves

for the purpose of selection or evaluation (such as in subsection

1.1, "General Description of Valves and Applications," which is

entirely on industrial valves).

2. Except for the literature on servovalves, the state-of-the-art

development programs of subsection 1.3, "Analysis, Design, and

Test of Specific Valves," are the most comprehensive documents

published on aerospace valves. However, because these programs

were hardware oriented, very little a-tt-mpt- was made to corelate

analyses with results (or draw pertinent conclusions). Their

value to valve designers and this program is depreciated accordingly.

3. Analytically correlated design information pertaining to flow is

restricted almost entirely to subsection 2.1, (orifice, venturi,

fitting, labrinth, pipe, etc.).

4. There is almost no information on passage design for flow. What

is available requires tedious study of the detail designs and

flow data. Because techniques of gaseous flow measurement used

by most valve manufacturers are accurate to at best 10 percent,

the results of such a study would be equally uncertain.
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lowever, there is a preponderance of flow-formula data to the

point of confusion. These data can result in serious errors

in sizing aerospace valves.

5. Other than butterfly and servospool valves, there is l.ittle

information on the subject of flow forces. A recent ASME paper

(3.2-7, "Discharge Coefficients and Steady*StaLe Flow Forces for

lWydraulic Poppet Valves" by J. A. Stone) discusses the results of

analysis anu test on hydraulic poppet valves but does not cover

effects in the near-seated condition. There is no literature in

the bibliography on the effect of flow forces on ball valves.

6. What little practical data is available on transients requires

Loiling down (rules-of-thumb and handbook data) for the average

designer. A study of the serovalve literature would probably

be rewarding in this area.

7. The literature on valve sealinx, covering aspects of leakage,

seals, seating, contamination, and wear, contains a minimum of

analytical design information. The numerous references cited in

subsection 5.1 are predominantly analogous flows (this information

has been included to facilitate leakage studies).

8. Although appraisal of the literature could only be done on a

surface basis because of the quantity involved, it was the concEnsus

that in original work, the Correlation of analysis with test is

seldom done except in journals similar to those of A.9W, MIT

efforts, etc. Apparently, unless the "why" is being financed, no

efforts are made to validate calculations other than a successful

end product (usually hardware). The result is (1) the loss of

much valuable design information, and (2) a preponderance of

questionable derivations that are freqiiently misleading.

9. Reliability in valves was the subject of only one reference

(6.2-2, "A Theoretical Technique for Predicting the Reliability

of Solenoid Valves" by G. M. Eisendohr) in which an attempt was

made to mathematically correlate the reliability of an aircraft

solenoid valve with certain key design parameters.



The literature expounds upon reliability as of parIunount importance in

design. Io,'ever, to be predictably reliable, the pcrformance must

first be either analytically or statistically predictable. Very little

analytical correlation is evidenced in the literature, and proving

f reliability ttatistically is impossible with the normally few components

It is concluded that to obtain state-of-the-art advancements in reliability,

the performance predictability of valves must be enhanced through correla-

tion of analyses with actual tests and thus obtain an understanding of the

"why" of the performance. This effort will lead to advances in performance.

INDUSTRY SURVEY

Purpose

The purpose of the industry survey was to (1) establish poppet and seat

design approaches, fabrication, and analysis as is presently represented

within industry, and (2) assist in defining the Phase II development

effort.

Approach

Form letters were sent to 210 aerospace valve manufacturers in an attempt

to contact a realistic cross section of industry within the limited survey

time. The letter presented the object of the program and invited the

manufa-,turers' cooperation in compiling information for a component

designer's handbook. Specific information requested by the letter is

reproduced below.

A. Please furnish cutaway drawings, with lists of material,of
typical valve closure mechanism designs that reflect your organization's
most curreut design efforts. Selection of these designs shall be based
on the following requirements:

1. Designs rx, Jst have satisfactorily completed a period of development
and/or intended use.
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2. Configurations of valve closure mechanisms may include (1)
conical, spherical, and flat poppet and seat, (2) rotating ball,
(3) butterfly, or (4) other proven configurations. Any type
of valve may be utilized that exemplifies typical designs
manufactured byyour company, such as check, solenoid, relief,
regulators, pressure actuated, etc.

3. Cylindrical slide and sleeve (spool) configurations normally
used for hydraulic system selector, sequence and/or servo
control, are categorically excluded from the program due to
other previous extensive work in this area.

B. To allo- a useful classification and parametrization of the
designs, it is necessary that the following information be included with
each design submitted:

1. A brief description, including applications and outstanding
features.

2. Key parameters, with a minimum of those listed below:

a. Fluids tested with and/or designed for (indicate if tests
were with fluid other than the design fluid).

b. Operating pressure range (primarily applicable to specific
poppet and seat).

c. Operating temperature.range (including ambient and line
fluid).

d. Flow capacity (this value may be in the forms of equivalent
orifice diameter and Cd, flow coefficient, or flow curves).

e. Endurazce,cycles (list the test temperature and pressure3).

f. Leakage (list test pressure, temperature and fluid).

g. Vibration characteristics.

h. Port sizes (inlet and outlet).

3. Describe advantages and disadvantages of valve closure mechanism.
This list should be completed with reference to the intended
application as well as potential extended service.

4. Outline any useful analytical approsthes to the poppet and seat
design that have been-correlated with test results.

C. CGeneral valve design data, either analytical or empirical,
interrally published in the form of charts, tables and graphs which would
advince the capabilities of vale designers would be appreciated.

Personal interviews were conducted with the engineering management of

22 valve firms within the Los Angeles metropolitan area to support and

implem-nt the letter request. The interviews were to accomplish the

fo. loving:

1. Enlist the cooperation of the manufacturer by presenting

advantages of the program to the valve industry.
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2. Discuss the manufacturer's designs to determi'iL l rograw

applicability and obtain the specific information requested

in the letter.

3. Determine the manufacturer's general approach to valve desipi

and analysis.

4. Coevaluate the needs of industry for poppet and seat research.

To use Rocketdyne aerosuace valve experience, Rocketdyne furnished infor-

mation in accordance with the letter to industry.

Results

Analysis of the returns indicated that 67 of the 210 contacts responded;

of those, 37 contributed information in varying amounts with the remlinder

declining to submit data for several reasons, i.e., insufficient time,

proprietorship, inapplicability, etc. Because of limited time and late

arrival of considerable material, data from only 10 sources could be

assimilated. Those manufacturers providing comprehensive information as

requested in the letter have been rated excellent, regardless of the time

element.

Within the scope of the survey program, more material was received than

could be processed. Inclusion of the data received late or which

required additional processing time, could not be included in the finll

report because of financial limitations.

landbook Data. Reliable valve designs and state-of-the-art advancements

stem from a systematic evaluation of the over-all design problem, uncon-

fined by archaic rules, particularly in the configurational stage.

Generalizations often convey confusing contradictions and tend to become

rules which limit new concepts. The handbook information resulting from

the survey has been prepared to avoid these pitfalls while still

providing data on numerous valve designs. Appendix B shows 37 proven
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valve designs representing the state-of-the-art in which the salient

featuxes of performance and construction have been noted iii addition

to information on application, fabrication, advantages, and disadvantages.

Limitations of the data are covered in the report.

The report outlines factors in valve design as information uisefid for

valve evaluation and design and a classification of valves to assist in

standardization. lt also provides a common ground for aerospace

terminology.

Conclusions

Consideration of the survey results has led to the following conclusions:

1. Insufficient data were received from industry to allow para-

meterization of the key features and functional parameters of

aerospace valves. Had sufficient information been received,

considerobly more time would have been required to prepare it

for publication.

2. The manufacturing information essential to a complete under-

standing of the valve design and why it performs is extremely

limited. Such information is considered proprietary by practically

all manufacturers and is predominantly maintained as shop Und

assembly know-how.

3. The personal interviews have shown that the pressures of main-

taining a competitive position in the industry generally curtail

the analytical effort expended in designing new valves. It is

usually found w'ore economical to combine a minimim analysis

(siatic force and flow capacity) with designer-company experience

in producing a prototype, which can be modified through test,

to meet design requirements. What correlated design data industry

has is for the most part directly related to a specific line of
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valves and considered proprietary. The application of this type

of information to the program is questionable because it generally

takes the form of raw test data and would require considerable

evaluation and editing for handbook publication.

I. The expressions of nearly all manufacturers have shown that the

know-how most needed to advance the state-of-the-art is in the

field of valve seating, with emphazis being placed first on

leakage and second on near-seated flow forces (depending on the

manufacturer's product). Flow capacity and transient analysis are

also recognized as areas requiring effort but more for optimization

as evidenced by the relative ease with which flow areas and

actuator forces can be chaLged.

DEFINIT10N OF THE DLVEIOPMEWT

EFFORT (PILAUSE II)

The survey phase resulted in an organized classification and bibliography

of the published literature in addition to an extensive representation of

state-of-the-art valve designs. A detailed analysis of the survey data

clearly indicated the almost total lack of basic information on valve

seating and leakage.

Valve seating, which is the very heart of valve design, is probably the

most tested, most questioned, and still the least understood part of

poppet and seat design. Typical questions asked by experienced component

designers are:

1. How does fluid leakage vary with load, contact area, land width,

surface finish, and various material properties?

2. If fluid conditions are changed through a variation in pressure,

temperature, or by exchanging fluids, what is the resultant

leakage?

3. What are the motions of poppets and seats during transitional

seating, and how do these motions affect leakage and other

poppet functions?
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4. What arc the characteristics of the wear processes beneficial and

detrimental to scaling?

5. What are t e characteristic sealing properties of metal seats

in the first 50 millijoiths of an inch of metal structure?

0. What in the pressure distribution across the meating itud open

and closed (i.e. effective area), and how does the distribution

vary with opening?

This situation is odd because the valve closure receives most consideration

in flyable hardware becaase of power and weight limitations. However, the

great number of interrelated variables and inaccessability of adequate

measurement equipment combine to impoe a severe economic retardant upon

the development of even a general underst.anding, let alone quantitative

definition of the seating characteristics. nLrthermore, when outstandivg

performance is achieved by some novel configuration or fabrication process

the information is considered proprietary information. E'ven in these

cases, the reasons behind a specific performance is seldom understood,

and explanations range far and wide.

The process of economically bringing two pieces of material together

to close off a flow of fluid is not a simple one. An examination of the

known variableb reveals an intermingling of many specialities, e.g.,

metrology for precision measutrements, fluid mecwtuic8 for leakage

analysis, physical chemistry for surface compositipns atd inte,'actions

betwee, seating materials and fluids, stress analysis ftr seating stresses,

and deformations and basic research in surface contacts, friction, and

wear to provide a background of experimental evidence supported by

learned theory.

Table 4 is an outline of the valve seating factors considered in defining

the scope and depth of the Phase II effort. Because of the extremely

complex nature of valve seating, only a few of ihe almost unlimited

variables and combinations could be examined either empirically or

analytically. An attempt has been made to reduce the variables to a rec-

ognized few which can be successfully approached and used in solving

future valve aeating problems.
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TABIYL 4

VALVE 6 LAT!NG V"ACII I

1. SYST'Mi AND ENVIRONIMENTAL I'AIWAD:TPLS

A. Fluid propertietu

1. Dens i ty

2. Viscosity

3. Thermal conductivity

4. Specific heat

5. Vapor pressure

b. Lubricity and corrosivity

7. Surface tension

B. Pressure

1. Static, internal, external, 1I

2. Fluid inertia, dynamic shocks, and cqvitation

C. Fluid contaminants

1. Metallic and hydrocarbon solids, oxides, etc.

2. Water and ice

D. Environment

1. Temperature

2. Vibration, acceleration, and shock

3. Vacuum

4. Radiation

2. DES IGN PARAMTEIS

A. Poppet and seat interface and -..osure geometry

1. Concentricity

2. Normality

3. Sphericity

-4. Roundness

5. Flatneba
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TABIE 4

(Continued)

6. Angularity

7. Clearances

8. length-to-diftmeter ratio

9. Self-alignment capability

10. Average surface finish (AA)

11 Topography, texture, and general surface lay

12. Scratches, Tjodules, and pits

13. Radii

14. Contact land width

15. Contact area

B. Forces

1 Near seated pressure forces

a. Tftal acting on poppet

b. AM-ross seat land

2. Seated Forces

a. Theoretically perfect geometry

(1) Actuation force

(2) Pressure force over flow area

(3) Pressuro force over seat land

(4) Coordinate seating forces

b, Eccentric and abnormal loading

c. Friction

d. Cyclic impact

C. Mt.terial properties of closure interfaces (surfaces)

1. Moduli

2. lield strength

3. 'hear strength

4. Tens ile strength
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TABILE

(Continued)

5. l ardness

6. Wear properties

7. Density

8. Specific heat

9. Thermal conductivity

10. Coefficient of expansion

11. Impact properties

12. Fatigue properties

13. Frictional properties

14. Corrosive properties

D. Stress distriblation, and deformations of closure interfaces (surfaces)

1. Theoretically perfect geometry

2. Imperfect geometry

a. Angular conic

b. Out of round conic

c. Ellipsoidal sphere

d. Convex, concave, or wavy flat

• Surface microstructure (texture)
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The general approach taken to encompass the study of seating is to

desigp a tester capable of functioning likeL a valve while allowing

accurate and precise measurements of position, loads, pressures, leakage,

deformations, etc. Because a valve must operate for a large number of

cycles (100 to more than 1,000,000), the cyclic effects are paramount.

Many valves have been designed that function perfectly as a siatic seal,

these are termed failures. Consequently, the tester must be additionally

capable of cycling the poppet and seat in a controlled manner so that

quantitative data o; load, leakage, and the wear phenomena can be observed,

recorded, and measurt .

Beforv dynamic effects can be studied, however, the static characteristics

of the seating variables must be ascertained for comparison purposes.

The stages of operation in poppet-type valves are full open, partially

open, just contact'ng, and fully closed or loaded. To provide a

coarlete range of flow data and correlation between raw fabricated

hurfaces contacted but unloaded, study of the near-,seated position must

precede the on-seat and loaded condition. The near-seated region is

defined as that separation from the seat which encompasses a complete

transition through the various regimes of flow. Variation in effective

*eating area resulting from changes in pressure distribution can be

evaluated in this region because there in evidence that dynamic instability

of pressure-sensitive valves might be triggered by or a function of

such nonlinear forces.

Concurrent with the tester design, an analytical study is required to

(1) define metal surfaces normally associated with valve seats, (2)

develop suitable leakage flow equations, and (3) combine the findings

of (1) and (2)'into a mathematicdl description of model seating surfaces

so that the effects of variation in the many paramoters could be evaluated

and correlated with the experimental results.

A major decision is the size and configuration of the poppet and seat

models. In consideration of the difficulties in suitably describing

large, and thub easily defined and fabricated models of hypothetical
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surfaces, a more practical approach would. be to fabricate actual valve
seating surfaces to span the knon range of leakage performance. The

resulting test data, backed by complete inspection records, would thus

be of direct design value in comparison vith actual valve performance

characteristics.

A summary of the Phase 11 effort is outlined below. The scope of the

effort was narrowed during Phase II excluding investigation of spherical

und conical seats (as originally planned) in favor of more extensive

testing on flat seats. The configurational aspects of valve seating,

along with a study of various seat coatings, is to be the subject of

a future program.

1. Investigation of variables

A. Fabrication methods for fine metal surfaces

B. Microgeometry of metal seating surfaces

C. Physiochemical properties of metal suriaces

D. Leakage flows

E. Seating forces, stress and deformations considering land

width, contact area, surface finish and material properties

F. Variation of leakage with seat load

2. Design and fabrication

A. Test fixture capable of performing static tests, on and

off-seat, and dynamic cycle tests with flat, conical and

spherical poppets and seats

B. Poppet and seat models covering a range of material properties

3. Test program parameters with leakage as the dependent variable

and load the independeat variable

A. Off seat height

B. Pressure distribution across seat land
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C. Seat land width

D. Fluid properties

IE. Surfave texture

F. Flatness

G. Scratches

H. Parallelism

4.Test fluids

A. Nitrogen

B. Helium

C. Argon

26



SURFACE STUI)IES

Cr(;,3iderable work has been done in recent years to explain and define

the phenomena of friction and wear. Optical and mechaical instruments

have been developed to observe and measure the minute structure of sur-

faces. Surface contact theories Lave evolved from da ,a from numerous

experimental research programs which have synthesized mo'dels of surface

asperities amenable to an analytical treatment. Evaluation of the accu-

mulated results of these many researchers, combined with a knowledge of

the detail surface finishing methods, will support analysis of the mech--

anism of valve seat leakage.

SURFACE TERMINOLOGY AND REPRESENTATION

Definitions of terms relating to the subject are given as well as param-

eters which generally describe the average surface. The following defi-

nitions have been extracted from Ref. 2.

Surface Texture

Surface texture is concerned with the geometric irregularities of solid

jurfaces produced by the various machining and finishing processes. It

is the repetitive or random deviations from the nominal surface which

form the pattern of the surface.

Nominal Surface. Nominal surface is the intended surface contour, the

shape and extent of which is usually shown aid dimensioned on a drawing

or descriptive specification.

Profile. The profile is the contour of a surface in a plane perpendicular

to the surface, unless some other angle is specified.
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Centerline (Median Line). The centerline is the line about which rough-

ness is measured, and is the line parallel to the general dire6tion of

the profile within the limits of the roughness-width cutoff, such that

the sums of the areas contained between it and those parts of the pro-

file which lie on either side of it Are equal.

Roughness. Roughness consists of the finer irregularities in the surface

texture usually including those irregularities which result from the in-

herent action of the production process. These are considered to include

traverse feed marks and other irregularities within the limits of the

roughness-width cutoff.

Roughness Height. Roughness height is rated as the arithmetical average

deviation expressed in microinches measured normal to the centerline.

Roughness Width. Roughness width is the distance parallel to the nominal

surface between successive peaks or ridges which constitute the predomi-

nant pattern of the roughness. Roughness width is rated in inches.

Roughness-Width Cutoff (Sampling Length). The roughness-width cutoff is

the greatest spacing of repetitive surface irregularities to be included

in the measurement of average roughness height. Roughness-width cutoff

must always be greater thpn the roughness width to obtain the total

roughness height rating. In most electrical averaging instruments, the

roughness-width cutoff can be selected. It is a characteristic of the

instr2ment rather than that of the surface being measured. In selecting

the roughness-width cutoff, care'must be taken to choose a value which

will include all of tht surface irregularities which it is desired to

assess. Roughness-width cutoff is rated in inches, and standard values

include 0.003, 0.010, 0.030 and 0.100.
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Waviness. Waviness is the usually widely hpaced componevt of surface

texture anid is generally oi wider spacing thami the roughness-width cut-

off. Waviness may result from such factors as deflections, vibration,

chatter, heat tre.. ment, or warpi.nig strains. Roughness may be considered

as superimposed on a wavy surface.

Waviness Height. Waviness height is rated in inches as the peak-to-valley

distance.

Waviness Width. Waviness width is rated in inches as the spacing of

successive wave peaks or successive wave valleys.

Ija. The lay ip the direction of the predominant surfitce pattern ordi-

narily determined by the prorliction method used.

Flaws. Flaws are irregularities which occur at one place, or at rela-

tively infrequent or widely varying intervals in a surface. Flaws include

such defects as cracks, blow holes, checks, ridges, and scratches. Un-

less otherrise specified, the effect of flaws is not included in the

roughness height measurements.

Surface Symbols

The symbol used to designate aurface irregularities is the check mark

, ith the horizontal extension (Fig. 1).
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Waviness Height- OOWaviness Width

'002-2
0.030 a- Roughpess-Width Cutoff

Roughness
Height, \ 63

Microinches AA 3 Lay

>I 0.020 Roughness Width

Figure 1. Standard Surface Symbol With Representative
Surface Characteris tics -

Arithmetical Average

The arithmetical averag6 deviation from the centerline may be described

in the following form.

AA= fJIYI dx
X=O

where

Y = ordinate of the curve of the measured profile

mf length over which the average is taken

An approximation of the average roughxiess may be found by adding the

absolute value of the Y-increments and dividing the sum by the number of

increments taken (Fig. 2).

Ya+ b +Y - +Yn
AA =

n

30



Y

CENTERLINE (MEAN)f ! h I\ . , ,.x

Figure 2. lcremental Division: ol' Theoretical
Surface Profile

Another method of measuring the average deviation is the root-mean-square

(rms) technique which has had much usage in the past. This tverage is

defined by

x=-t 1/2

rms 1 [Y j dxj~
X=O

and, as with the approximate method for AA above, may be found by squaring

each value of the Y-increment, summing and dividing by the number of incre-

ments, and then taking the square root. The effect is to weight the

larger heights. Instruments (esigned for rms roughness values read some-

what higher (Fig. 2) than those calibrated for arithmetical average when

compared on a given surface. The arithmetical average method has re-

placed the rms technique as an index of surface quality.

Peak-to-Valley Measurement Proposal

Interest has been increasing in the desirability of specifying surface

quality by peak-to-valley measurements rather than arithmetical average

roughness. This would be most appiicable in situations requiring ex-

tremely smooth finishes and where specifications of scratches were
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important. Reliable measurement can best be made with the interference

microscope (microinterferometer), noting that very smooth surfaces, as

those produced by lapping, usually have more or less uniform irregulari-

ties with few deeper scratches.

Specifications. The following specifications for peak-to-valley parameters

are being considered by the ASA (Ref. 3) for inclusion in a future

standard:

1. Peak-to-valley height of general (average) surface texture shall

not exceed XX microinches in XX inch.

2. Peak-to-valley height of individual irregularities shall not ex-

ceed XX microinches, and there shall be no more than X irregu-

larities per X inch.

3. Pitting or voids contained in XX sq in. are acceptable.

The tentative standard is being prepared which will involve measuring the

surface texture by optical methods.

Symbols for Optical Measurement. A proposal has been made to the ASA

standards committee (Ref. 3) suggesting the surface finish symbol shoz,,

in Fig. 3 for surfaces requiring optical measurement.

&,--General texture maxi-

021 3 - 0.030 mum peal-to-valley
003 1 .4/.01 height 3 microinches

10 - 4/0.010 in 0.030 inch

Indicates pits and Maximum peak-to-valley
voids that can be of individual irregu-
contained in 0.002 larities 10 microinches
x 0.003-inch rec- with not more than 4
tangle are acceptable irregularities per

0.010 inch.

Figure 3. Surface Symbol for Optical Measurement
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MEASURING METIODS AND DEVICES

A brief review of surface roughness measuring devices will include only

instruments capable of measuring finishes at the level significant to

this study.

Stylus Instruments

The most common method of measuring surface roughness is by moving a

cone-shaped diamond stylus over the surface and translating its vertical

motion to a value of average deviation from the mean. Factors which

affect the resulting reading include the radius of the stylus, its force

upon the surface, and the reference surface or skid upon which the tracer

is supported. Error may be introduced because of mechanical vibration

and electrical limitations. The almost universally used devices use

stylus tracers with electrical amplification and may be grouped as

follows:

Continuously Averaging Instantaneous Readout. This is a tracer type in-

strument using either the standard 0.0005-inch radius stylus or the

0.0001-inch stylus for fine finishes. Vertical movements of the stylus

are converted into voltage and amplified to actuate a direct reading

dial. These readings are in rnm or arithmetical average with the lower

limit of surface discriminatinn down to about 1 microinch. This device

shows variations in average roughness height but does not indicate as-

perity configuration or wavelength greater than the set cutoff value.

Permanent Record. This is an electromechanical stylus instrument for

measuring and recording roundness, flatness, roughness, scratches, flaws,

and total profiles. The magnified readings or traces are recorded on a

chart with vertical magnification of up to 50,000 times, enabling dis-

criminate study of minute surface variations including waviness and

asperity angle.
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Probably the most important factor contributing to misinterpretation of

surface roughness is the stylus tip radius size. It is obvious that some

vallrys and cracks cannot be reached by stulus tips of 0.0005- and 0.0U01-

inch radius found in most instruments. Also, these instruments evaluate

tte roughness along a thin line which, undermines accuracy because the

three-dimensional aspect is not taken into account. This situation might

be be minimized by traversing in various directions and also by having

knowledge of the distribution of the irregularities.

Interesting comparisons have been made of various tip radii effects on

similar surfaces(Ref. 18). Results showed that for a turned surface,

the 0.001-inch stylus read 53-microinch AA finish while the 0.0001-inch

stylus gave a reading of 52-microinch AA, hardly a significant differ-

ence. But in three ground surfaces, the blunter instrument could not

bottom consistently, therefore, giving smaller measurementc. For these

surfaces, the 0.001-inch radius tip measured 1.6-microinch AA for the

first, 5.5 for the second, and 22 for the third. The 0.0001-inch tip

measured 1.8, 7, and 31-microinch AA, respectively. The difference in

stylus effect is more pronounced in the rougher finishes for those ground

surfaces.

The precision of stylus instruments was testet. by comparison with stand-

ards which were constructed and measured optically by Bickel (Ref. 4).

One observation was the effect of the tracer radius in interpreting

sharp corners as being rounded (Fig. 4).

0.0037" .0041"

_118 MICROINCHES
ACTUAL SHAPE INTERPRETED BY STYLUS

Figure 4. Stylus Interpretation of a Rectangular Shape
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While profiles of simple sine wave shapes could be accurately followed by

the stylus, the combined form of rectangular shapes upon a sine wave

(Fig. 5) could no,. be contoured satisfactorily.

0.00,4 f

0.008" 18 MICROINCHES

~4-0.8 f1 3.6 MICROINCHES

ACTUAL SHAPE INTERPRETED BY STYLUS

Figure 5. Stylus Interpretation of a Combination Shape

Table 5 indicates the results obtained by Bickel in a comparison of three

stylus instruments (set at the cutoff values noted) while measuring rec-

tangular profiles similar to those shown in Fig. 4.

TABLE 5

COMPARISON OF ARITHMETICAL AVERAGING

INSTRUMENTS (MICROINCHES AA)

Instrument A Instrument B Instrument C
Calculated 0.030 inch 0.060 inch 0.030 inch

2.7 2.6 2.36 3.2

25.0 25.6 26.4 30.0

58.0 57.0 53.3 68.0

120.0 124.0 128.0 136.0
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A calculated curve which relates the stylus radius error with the average

roughness height of precision reference specimens used to calibrate the.4e

instruments is found in Appendix C Gf Ref. 2. The reference speci-n'

profile is made up of a series of known sizes of peaks and valleys having

included angles of 150 degrees. For.example, use of stylus tips having

0.0005- and 0.0001-inch radii for a reference specimen of a 4-microinch

AA result in errors of 77 and 12 percent, respectively, indicIting the

relative capability of each tip radius to bottom the 150-degree included

angle.

Taper Sectioning

Taper sectioning is a metho'd whereby the surface roughness is inmgnified

by slicing (grinding and lapping) the surface at an oblique angle. The

magnification of the surface asperities of a taper section is a function

of the taper angle; for example, if the section is cut at 2.3 degrees,

the vertical dimension would be 25 times the horizontal. Most materials

require hard surface electroplating to prevent dmage when cutting. This

method of surface study is most accurate when the irregularities are

wedge shaped or produced by unidirectional processes. When ground sur-

faces of this type are viewed they appear as jagged, sharp peakcs with

an irregular pattern. Lapped multidireckional surfaces are very difficult

to evaluate because they include pits, gouges and material that appears

to be floating on the surface. Evidently, what is seen cons 4dering

various sized cones as the surface makeup will depend on the sectioning

angle and at what point it cuts each cone.

Excellent taper sectioning can be seen in Plate I of Ref. 6 and pages

191 and 192 of Ref. 20. These microphotographs show the irregular con-

tour of various finishes on metal surfaces. One partioular photo (Ref. 20)

shows a 1.6 microinch rms surface whose vertical dimensions are optically

magnified .to 10,000 X. The surface oppears to be less jagged than other

photos of higher rm v.lues. A taper section microphotograph (Ref.20 )
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shows a surface finished by loose-abrasive lapping. It is unique in that

no definite trace can be observed, rather what is seen are outlines of

cones or "mountains" of various sizes superimposed and scattered through-

out. Analysis of such surfaces would be difficult even though the sur-

face can be microscopically resolved to 1 microinch.

Optical Interference

The use of the principle of light wave interference makes it possible to

measure surface finishes to a high degree of precision. Monochromatic

light is directed through a transparent material with an accurate flat

side which lies on the surface being inspected (Fig. 6). The two surfaces

are separated by a thin wedge of air. Light waves are reflected from the

work piece and the optical flat surfaces so that waves in phase produce

bands of light and conversely when they are out of phase the waves inter-

fere, producing dark bands. Alternate bands of light and dark approxi-

mately the same width appear at right angles to the direction of the air

wedge. The bands give the effect of a contour map, decreasing in width

and increasing in number as the wedge separation distance increases.

Conversely, on a flat surface the bands will appear straight and parallel.

The distance from a point on one band to the next band is equal to 1/2 of

the wave length of the light used. The waviness and jaggedness of the

interference bands are an indication of the surface irregularity and can

be measured.

LIGHT SOURCE

OPTICAL FLAT

WORK

Figure 6. Light Interference With an Optical Flat
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Optical Flats. Optical flats are precision giass or quartz plates that

are flat to less than 0.000001 inch and generally used to check flatness

(Fig. 6). Interference is the phenomenoIn upon which this method is based.

Normally it source of monochromati, light is u3ed.

Some of the light sources available are white light with a wave length

(X) of approximately 20 microinches, yellow-orange light at 23.2 micro-

inches, and green light whose wave length is 21.5 microinches.

Microinterferometry. Microinterferouetry is the use of the optical flat

and monochromatic light source with a microscope to give a very sensitive

method of surface investigation. Instruments of this type, which are used

to measure surface roughness, are known as interference microscopes or

microinterferometers. The Zeiss instrument (Ref. 15) has magnification

lenses of 80, 200 and 480 X, and uses a reference mirror on one side of

the optical axis in place of the optical flat and two light beams. Various

reflecting powers are available so the brightness of the test piece can

be matched, giving sharp fringes.

This type of equipment is best applied to highly finished or glossy s,_r-

faces where the deviation of surface heights is within a few light -Wave

lengths. Coarse surfaces cause the contour lines to become very close

together and interpretation very difficult.

Multiple Beam Interferomety. Most of the advances towards the high degree

of sensitivity of the multiple beam interferometry method of measuring

surface contour have been made recently. Surfaces of the optical flat

and the specimen surface are coated with silver having a high reflecting

coefficient and also a high transmission coefficient so that incident

light will be reflected back and forth resulting in an interference pat-

tern of all. these'beasm (Ref. 19 and 22). The dark bands usually observed

in other optical methods are reduced to thin lines which are able to re-

veal fine detail down to 0.02 microinch.
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Electron Microscope

The high resolving power of the electron microscope make3 it useful for

the determination of fine finishes. Its main difficulty is that the

electrons must pass through the specimen before striking a photographic

plate, thereby limiting its use to thin sections. Another drawback is

the necessity of using high vacuum and strong electron beams which can

cause physical changes in certain specimens (Ref. 5).

The surface roughness is estimated by light and dark areas on the photo-

graphic plate. Electrons hitting high spots have a lo,-iger path to travel

so that a smaller portion of them will pass through. The relative density

on the photo plate is an indication of the variation of surface height.

In certain instances (thick sections), it is impractical to use the actual

specimen so plastic replicas of the surface are used. The surface is

coated with a film which is then stripped off and examined. In practice,

resolution down to 0.2 microinch or magnification of 10,000 diameters

(Ref. 9) is usual, although linear magnification of 50,000 is possible

with this type of instrument under optimum conditions. Excellent micro-

photographs of polished surfaces obtained by this technique can be see-

on pages 188 and 189 of Ref. 5.

The disadvantages of the replica technique can be avoided by the electron

reflection method where the surface is viewed obliquely and the surface

protuberances are seen in profile. This method was studied by Halliday

(Ref. 10) and is shown to be particularly suitable for the examination

of surfaces on which the irregularities are small, therefore, ground,

lapped, finely abraded and polished surfaces can be studied.

Profile or Light Section Microscope

This simple optical method gives a detail picture of the surface but
only of a very thin plane. The light source provided through a narrow
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slit falls on the specimen at an angle of 45 degrees to the surface of

the specimen. Seen in the optical system is a cross section of local

irregularities made by a line of light following the surface contour

(Fig. 7).

LIGHT
SOURCE

Figure 7. Principle of the Light Section Microscope

The smallest irregularity visible is on the order of the wave length

of light or microinches (Ref. 5). Sensitivity of this method is between

20 and '600 microinchies in deviation from the plane surface. It is con-

siderably less sensitive than interferometry, being based on simple

magnification rather than interference.

REAL SURFACE

To properly visualize real surfaces requires the ability to think small
coupled with first hand experience. There are many variations possible

in ground and lapped surfaces because of the complexity of even the most

regular fine finishes. Some idea of the scope of the topography can be

obtained with the analogy of a plowed field or a mountainous terrain.

Metal surface asperities undergo transformations similar to erosion as

the surface is made smooth. Peaks are removed, and the remaining slopes

become less steep.
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Dimensions

Real surface dimension~s are measured normally in microinches or millionths

of an inch with 40 microinches to the micron (i0- meters) and 250 Ang-

strom units to the microinch. Metal valve seats are normally finished to

less than 16 microinches AA by grinding and lapping, which places the upper

peak-to-valley measurement at less than 100 microinches (0.0001 inch). At

the other end of the spectrum, the lower limit of interest is in the vicin-

ity of I microinch based on current day achievements.

To more completely describe the surface geometry, an angle is often asso-

ciated with surface asperities. This angle is the slope of individual

undulations relative to the nominal profile. Except for machine-induced

regularities, the asperity slope has wide variation from minute fractions

of a degree to approaching the vertical, depending upon the scale of

roughness viewed. As with the mountains, large-scale undulations have

shallow angles and range from a gross flat characteristic of one gradual

curve to periodic waviness. Superimposed upon the larger undulations

are smaller and smaller facets, aiid the smaller the facet viewed the

larger the slope angle may be.

A detailed examination of ground, lapped, and abraded surfaces was under-

taken by Halliday (Ref. 10) using reflection electron microscopy. Micro-

graphs of aluminum, copper, mild steel and hardened tool steel. show

asperity slope angles and heights from 0.1 degree and 0.4 microinch for

electropolished aluminum to 30 degrees and 70 microinches for ground,

hardened steel. Finer surfaces of approximately a 10-microinch height

had corresponding asperity angles of about 1 to 2 degrees. This places

the base dimensions of these asperities between 100 and 1000 microinches.

Configuration

It has often been assumed that the irregularities or asperities of finishes

that have been ground or lapped multidirectionally are generally cone

shaped. They begin in the shape of wedges, scratches, etc., but are
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slowly rounded as cuts are taken radially. Examiuing any one irregular-

ity microscopically would show smaller irregularities pointing to a

situation of flatness not being possible in an absolute sense.

Bowden and Taber (Ref. 6) describe investigations of yield pressure as

a function of the included angle of a single cone-shaped asperity ill an

analysis of the plasticity characteristics of the cone.

Other surface investigators in various experiments concluded that meaning-

ful results are possible when assuming conical asperity shapes (Ref. 1,

12, 13, and 16). Archard (Ref. 11) discussed some interesting data of

an experiment by hulliday who, by reflection electron microscopy, meas-

ured the slopes of surface irregularities of various steel and copper

cylinders that were rough etched and rolled against each other with

contact force high enough to cause plastic flow. The resultant maximum

slope angle measured 1.2 degrees and the minimum was 0.8 degree.

Archard's conclusions suggested that asperities of angles less than some

calculable amount will plastically yield until they reach the shallow,

low, wide base shapes measured above. These asperities of wide included

angles will elastically deform into the surface until the surface is flat

and the load supported.

Many of the approximations of the conical shape and size can be applied

to the pyramidal shape. This shape can be assumed to result if a surface

is finished by a process involving abrasion or cutting in two directions

normal to each other. In unidirection processes such as turning or super-

finishing, the wedge shape irregularity results. Scratches fall into

-this category. As the wedge shapes become shorter in length as in grind-

ing, they approach more closely the pyramidal shapes.

The geometry of spherical shaped asperities has been assumed by Archard

(Ref. 1), Kragelsky (Ref. 11), and Bowden and Tabor (Ref. 6) in contact

analyses where this idealized configuration lessened the mathematical
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difficulties involved. It is probable that among the various shapes

suggested, the spherical one is most unlikely to occur except in unique

cases. However, with a situation of worn,broken, or deformed peak points,
almost any shape asperity may approximate the sphere if only at its tip.

There is little information on the statistical distribution of asperities

of fine surfaces. The surface of the most finely finished material can

be described as irregular if very sensitive instruments are used to ex-

amine it. Indications are that all surfaces contain random irregularities

of various sizes with scratches, cracks, and intermittent flaws. Applica-

tion of distribution laws can only be done theoretically with approxima-

tion as the result.

A paper by Reason (Ref. 17) shows profile charts of two actual surfaces

whose profiles do not appear congruent but having similar AA values.

These inconsistencies have been recognized by researchers in the field

(Ref. 4, 7, and 20) in considering the multitudinous variables affecting

surface geometry and it has been suggested by Reason (Ref. 17) that for

somV surfaces, the process of manufacturing may need to be specified with

the AA used as a simple eontrolling measure. This approach is obviously

applicable to man, critical valve'; sealing surfaces.

Visual Appearance

In describing real surfaces, a great deal of importance is often placed

on visual effects and what is assumed from them. At best, the resolving
1

power of optical microscopes is 6.7 mcroinches , amd no configurations

smaller than this dimension can be clearl) seen. Matte surfaces contain

irregularities smaller than 40 microinches set at random angles so as to

scatter the majority of light. The darker the surface the more scattered

11/3 wave length of maximum intensity
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the light and thus rougher the surface. Conversely, polished surfaces

have broad areas which reflect a great deal of light similar to a mirror;

however, in normal terms of peak-to-valley roughness, both surfaces can

have the same average value.

Attempting to judge surface texture on a purely visual basis is generally

misleading. Matte surfaces will tend to hide defects and scratches. How-

ever, a smooth appearing, mirror-like surface may contain relatively large

undulations.

Composition

The surface layer is composed of a mixture of absorbed ga,.s, x .-- Lc

oxides, and various other contaminants in amounts depending upon past

-history. It is these contaminants which maintain sufficient separation

-between mating surfaces to preclude welding. Bowden and Tabor (Ref, 6)

indicate that freshly lapped or ground metals (iron, nickel, chromium,

and aluuinum) will acquire a layer of oxide between 10 and 100 Angstroms

thick in about 5 minutes or less. It is the breakdown of these oxides

and other films which lead to wear and galling or seizure.

Because of the work-hardening nature of the finishing process, the hard-

ness of the surface layer will be greater then the basis metal. Soft,

work-hardenable materials will have a larger increase than hardened

steels. In addition, hardness within the crystalline grain structure of

mietals may vary considerably. This can induce roughness between contacting

surfaces under leaded conditions.

CQN1ACT AMSA AND IOADING NFFECT$

If two relatively smooth surfaces are brought together, contact will take

place only in isolated spots. The irregular nature of the surfaces will

permit stable touching at three points of contact until increased load

causes a combination of plastic flow of the initially contacted asperities

*nd elastic deformation of the supporting base material.
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Gross areas of contact may be completely defined when the contact is

curvilinear am in bearings and curved rollers, etc. The Hertz theory of

elastic contacts (Ref. 21) describes a contact stress distribution which

allows computation of gross bearing area, maximum stress, and deformation.

Nominally flat surfaces which are not perfectly flat, do not have well

defined regions of gross contact until loads are such as to bring the

geometric total of the bearing surfaces in intimate contact. Even then

the real contact area is only a relatively small percentage of the gross

or apparent bearing area because of surface roughness.

In their study of friction and lubrication, Bowden and Tabor (Ref. 6)

have evolved conkitet theories to de"-ribe the real contact area between

eietal surface8. These are ba,.," . n observed evidence that (1) real

contact area increases in dr . -t proportion to applied load, and (2)

friction force, while iitupendcnt of apparent area is a function of the

real area of cogLact. If the contacting asperities are assumed in a

state full plasticity and welded at contact, the force required to shear

the welds would be the friction force. The real area of contact is de-

fined by the plastic flow pressure (P m), or stress, of the surface asper-

ities and load (W), so that

w
A 

-
r P

The plastic flow pressure has been evaluated for pyramidal and spherical

shapes, and for the shallow slope angles normal for asperities, is re-

lated to the elastic limit (Y) by a constant. It ia, therefore, inde-

pendent of the applied load; for fully work-hardened metal

P 2.8Y.
m

The real area of contact is also defined by the material shear strength

(S) and friction force (f) as

A 
f

r S
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and it follows that the friction coefficient

f Ar S S
W " AP "

rm 

This relationship has been experimentally cotielated for a number of dif-

ferent materials. Considering that valve seate normally work well below

the yield strength it is apparent that the real areas of contact computed

from the above equation would result in a very small percentage of the

apparent area in real contact. If it can be assumed that the apparent

contact area (Aa) is defined, the ratio of real to apparent area is equal

to the ratio of apparent stress (S ) to plastic flow pressure (P)

L- A r W/ a . .a.S

aSa*

A typical hardened valve seat (Y - 250,000 psi) operating at 10,000

'psi apparent stress would then have a real contact area equal to 1.4

percent of the apparent contact seating area.

-In flat surface experiments (Ref. 6), two steel surfaces, lapped flat

vithin a few fringes, of 0.124 and 3.25 sq in. were brought together under

various loads, and the electrical resistanci between them was measured to

determine the real contact area. ]psults for the 3.25 sq in. paiz are

-duplicated on the following page.
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Apparent Diameter of Fraction
Load, Stress, n Each Contact, Of Area In Rd
pounds psi Contacts inches Contact 10-5 Ohms

4.4 1.35 3 0.004 1/ioo,ooo 50.0

11.0 3.38 5 0.005 1/0,0000 25.0

44.0 11.11 9 0.007 1/10,000 9.0

220.0 68.0 22 0.009 1/12,000 2.5

1100.0 338.0 35 0.017 1/400 0.9

The results indicate real area proportional te load. However, the range

of apparent stress is far below valve seat stresses.

Through analysis of wear experiments, Archard (Ref. 1) has concluded

that real surfaces support their loads predominantly in an elastic manner

with only a small percentage of the contacts undergoing plastic flow.

Friction between real surfaces has been experimentally proven to be pro-

portional to the real area of contact. Archard has examined mathematical

models of spherical surface protuberances pressing on a flat plate and

has shown that. real contact area is a power fxuction of the load or

AaWn

where n = 2/3 for a single protuberance (Hertz) and approaches unity

for numerous protuberances. This conclusion was also reached by Kragelsky

(Ref.11). Consequently, it was concluded (Ref. 1) that surface welding

was a consequence of singular encounters occurring infrequently, and the

more typical event is an elastic contact in which protuberances separate

without damage. The elastic event thus determines friction and not

welding as concluded by Bowden and Tabor.

In substantiation of his views, Archard describes the results of reflection

electron microscopic examination (Ref. 10) of some metal surfaces (aluminum,

copper, iron, nickel, steel, etc.) pressed flat (base metal plastically

flowed) by a carefully polished hardened steel anvil. It was shown that
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the resulting slopes of the asperities were in all case* less than 1.2

degrees, and following compression, were entirely elastic ini that the

asperities could be pressed lust flat without plastic flow, Moreover,

In experiments involving phase contrast microscopy observation of nomi-

nally flat, ground, polished, and lapped specimens against a metallized

gloss surface, Dyson and Hirst (Ref. 8) concluded that the bearing area

may be comprised of considerably more points of contact than noted by

Bowden and Tabor. Instead of 9 contacts at a 0.007-inch diameter and
44 pounds, they measured many contacts of only a "few microns" (0.0001

to 0.0002 inch) under similar conditions. This evidence supports Archard's

bypothesis of bearing area increasing directly with load through an in-

crease in number of contacts.

The elastic theory would suggest that low slopes of irregularities of

the fine finishes being considered applicable to valve seats would pre-

clude the occurrence of plastic flow. The significance here is important

when considering the effect of removing the load which allows, in this

reversible process, a return to the original state of the surface.

Further substantiation of Archard's views of elastic behavior of surface

asperities are provided by O'Connor (Ref. 14) in examining the role of

-,asperities in transmitting tangential forces. An idealized surface with

a sinus6idal profile is assumed in contact with a flat surface of the

same material under an average pressure. For purely elastic deformation,

the jHLerts theory indicates real to apparunt area of contact

A 1PX /2
r .6 m P

with

> 1.27 E

ms required iicrq~eometry for el" tic beh~avior
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where

P = average Hertz contact pressure

E - elastic modulus

A - arparent area

a

Y yield streigth

A = real area
r

For full plasticity, the required load is approximately 75 times that re-

required for initial yield; therefore, the criterion for fully plastic

behavior is

< 0.017 -P

h ~ Y2

Microscopic examination of several surfaces varying from rough-and-soft

(X/h of 5 andDPH* 145) to smooth-and-hari (X/h of 30 and DP! 700) indi-

cated a general correlation with the above analysis; i.e., the asperities

of the soft material yielded plastically while the hard surface indicated

no signs of yieldizig, either directly or with profile records. These ex-

periments were performed using a normal load of 13,440 pounds between two

surfaces, one of which was flat and the finish varied and the other curved

to a 30-inch radius with the surface hard and polished. The hifgh normal

load resulted in eiastic coii.act circles of approximately a 1/2-inch

diameter and maximum contact pressures for the hard and soft materials

of 83,000 psi and 53,000 psi, respectively. Although the asperities of

the soft material yielded, its real area of contact was only slightly

larger than the harder specimen. The Ar/Aa %alues for the soft metal

that were calculated and microscopically measured was 0.28 at the center

or maximum pressure area, whereas the calculated value for the harder

material was 0.20.

*DPH = Vickers diamond pyramid hardness number
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The paper concludes that the majority of surface irregularities of typi-

cal engineering surfaces are deforwd elastically, or at least do not

reach'the condition of full plasticity. Under these conditions, the area

of real contact is determined by the surface topograph (V/h) as well as

har&ess of the material, and is appreciably greater than a purely plastic

analysis would suggest.

SURFACE STUDY RESULTS

The understanding provided by the study of surface finishing methods,

measurements, and the efforts of researchers in related fields has also

provided an understanding of the vast scope of real material contacts.

it is apparent from the smali amount of available data and conflicting

theories just how complex the contact prob'lem really is and it is not

hard to imagine why design data on the valve seating are nonexistent in

the current literature. One of the basic problems is the complex inter-

action of plastic-elastic ph, nomena taking place in many surfaces because

-of extremes in dimension and material properties. All real material con-

tacts have degrees of elastic and plastic deformation taking place during

loading. The question is, which is characteristic and how much? Because

the poppet and seat program is restricted to the relatively hard and

smooth materials normally associated with valve seating elements, the

number of variables is restricted accordingly, and the following con-
clusions have been formulated on that basis:

1. Archard's elastic thoery of multiple contacts (Ref. 1) best de-

scribes the growth of real contact area (area is directly pro-

portional to load and increasea because of increasing the nuimber

of contacts).

2. Because of the extreme uniformity of seating surfaces asimpli-

fied elastic analysis based upon a uniformly smooth surface may

be developed to describe the controlling parameters for the

deformation of real surface profiles. This analysis will pro-

vide background and direction for the experimental effort, and
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in addition, will result in a mathematical tool for extrapolating valve

seat desigi, tempered by the inspection and test data from actual valve

seats.
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LEAKAGE FLOW ANALYSIS

DEFINING PARAMETERS

In considering the leakage and flow across a valve seat, a number of

equations must be taken into account. These range from the nozzle

equation which generally applies to the wide open valve to the viscous

and molecular flow equations applicable under seated conditions. The

equations derived in this section are presented for compressible and

noncompressible fluids for flow through parallel plates. The equations

are equally applicable to flat, conical, and spherical valve configura-

tions because the near and on-seated passage configurations approximate

the parallel plate model. A specific example of nitrogen valve flow

through a model valve seat is presented in subsequent paragraphs. This

practical example will illustrate how each flow regime blends into the

next to build the over-all flow-leakage characteristic curve.

SIMPLIFIED FLOW EQUATIONS FOR

SMOOTH PARALLEL PLATES

Nozzle Flow

The compressible and ticompressible flow equations derive from the basic

Euler momentum relationship. The Euler equation gives the following

relationship between velocity, pressure, and density

1/2 V2 + J" dPP = Constant (see page 70 for nomenclature)

For the incompressible consideration, density () is constant, and the
resultant relationship is known as the Bernoulli equation. If the inlet

velocity is neglected, the following equation evolves for flow of an

Preceding Page Blank
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incompressible fluid through a nozzle

W CA 2 £ p (p--p2)

This equation requires a discharge coefficient (C) to correct the ideal

frictionless flow to the actual case. The discharge coefficient is a

function of the specific configuration being considered, therefore, it is

derived from emperical data.

For the specific application of this equation to a valve configuration,

area (A) is usually expressed as a function of the stroke height (h )
and the seat perimeter (W). This substitution can be made in the nozzle

and the turbulent channel equations.

For the compressible flow analysis, the density is not constant and therefore

-the integral of dP/p must be evaluated for specific assumptions. For an

adiabatic, frictionless process considering a perfect gas, the following

equation is derived

k+1
CAP1  k-i

WgkQ)

As in the case of the incompressible flow, a discharge coefficient is

required to account for the irreversibility of flow. The Above equation

further assumes that a chocked or sonic flow exists across the nozzle.

In practice, leakage is most often expressed in terms of a volumetric

flow. For compressible fluids, where density is a variable function of

presiure and temperature, standard conditions (P5 ,T,p.) must be defined.

The conversion relationship for all fluids is

PsUs
P

Therefore; for both incompressible and compressible flbw; at standard

conditions, the weight and volumetric flows differ by a constant.
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The nozzle equations can be applied to a poppet valve configuration

(similar to an orifice) from the wide open condition to the near-seated

position. When the valve closure height has decreased to the position

where wall friction at the seating surface (and thus land length) is

significant, the nozzle regime terminates and turbulent channel flow

commences. There is no precise point at which nozzle flow terminates,

the transition being a complex function of the particular channel geometry

and Reynolds number. However, in general, if the length to height ratio

is 10 or greater, channel flow is imminent.

Turbulent Channel Flow

In this flow regime, the same basic continuity and momentum considerations

hold with the addition of a term for the effects of friction. In the case

of an incompressible fluid, the basic Bernoulli equation is modified to

the form

SpfL DV2

A P D 2g

where flow is defined by continuity as

= pAV.

The first equation expresses differential pressure as a function of

friction factor (f) and velocity (V). The iriction factor is related

to velocity through emperical parametric curves of friction vs Reynolds

number and wall roughness (Moody diagram Ref. 23). The solution to

these equations is by trial and error.

The equations for flow in the turbulent channel regime were developed

for flow-through circular tubes. To apply the equaations to other

channel configurations, the tube diameter in these equations must be

expressed in terms of hydraulic diameter (D). Hydraulic diameter is



defined as four times the ratio of the croos-sectional area to the wetted

perimeter. For parallel plates, the hydraulic diameter in equal to twice

the plate spacing (2hp).
p

The equations used to compute compressiole fluid flow in this regime

are obtained from Shapiro (Ref. 24). They assume an adiabatic c,nstant-

area flow and include the effects of internal fluid and wall friction

and fluid momentum. To compuite the weight flowrate, two equations are

required. The first is a relationship between entrance ach number (M)

and friction factor (f) for the condition of chtked flow at the exit of

the valve seat channel (M=.I)

f zf2  + 1 (k+l)
22

_,-As in the incompressible case, the solution of this equation is by trial

- and error. Shapiro's text gives considerable assistance in the solution

;of this equation by tabulating fL/D vs Mach number, thus permitting

interpolation ol desire4 information. For the subsonic solution,

r-xeference is made to Shapiro's text.

nhce the entrance Mach number and density are determined, they are used

in the continuity equation to compute the weight flovrate based on the

inlet conditions

w p AM 4 k g

-The equations in this section are confined to the turbulent flow regime,

I.e., Reynold numbers greater than 2000. However, these equations can

be extended into the initial portion of the laminar flow regime where

f1luid momentum is still an importan~t consideration. In this case, the

-friction factor is a linear function of Reynolds number and is given

for the parallel plate consideration s
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Laminar Flow

The analysis of fluid flow iii this regime assumes that the temperature

is constant (isothermal), that the fluid momentum effects are negligible,

and that viscous shear forces govern the flow. These assumptions result

in the Poiseuille equation for flow through stationary flat plates

(Ref. 25) 12 U V

12 Vh2

By using the continuity equation, the relationship is reduced to express

Lhe viscous flow through flat plates

p~ 3
p Wh (P 1 - p 2 )

1214 L

o' compressible gas, thermal effects are present; however, the assump-

tion oi isotherm.al condition can be made because of the small channel

thickness i.nd low velocity. The compressible version of the Poiseuille

equation is obtained by assuming an average density across the seat land

and a perfect gas; therefore,

h (P 2 - r 2 )

2 4$&L RT

This same basic relationship can be derived for flow between circular

flat plates. This equai-ion contains the natural log of the radius ratio

which accounts for radial divergence of the flow and is as follows:

ff. h 3 __2 P 2 )
12M C~nr2

r1

Normally, this divergence can be neglected as the r2/r1 ratio is close to

unity. When this ratio is greater than 1.4, divergence shoui be

considered.
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Transition and Molecular Flow

The determination of molecular flow involves the application of the

kinetic theory of games. -A flow equation derived (Ref. 26) for the

molecular reime is as follows

V. (P1-P)
3-~ L B1

71his equation relates the flow (Q) to the mean molecular speed (Va)
_ ifferential pressure (p1  and geometry where (H) is the channel

~rimster. When this basic relationship is applied to parallel planes,

~A~eequation has the form

W b (P 1 -P)

__ 'Thore exist" A transition region where both molecular and laminar

(viscous) flow effects are operating. The limits of these regions are

2- p0proximately defined by the ratio of mean free path of the molecule

tothe characteristic dimension of the channel (hi when:
P

'h <0. 01, flow is viscQu.
p

Af/ is 0.01 to 1.0, transitional flow exists.
p
0h> 1.0, flow in molecular
p

A modified equetiQoa proposed for flow in the transition region is

_,Th. molecular flow factor (C) in generally close to unity. It takes into

ponsidration such item as the difference in gases and physical properties

of the passage walls. For simplicity, c has been a'nsumed as unity;



therefore, the transitional equation reduces to the direct addition of

the viscous and molecular flow quantities. The predicted flows in the

transition region will be slightly higher as a result.

STATIC PRESSURE DISTRIBUTIONS

Static pressure distribution across a valve seat is of interest to the

valve designer in determining the forces associated with a particular

configuration. These forces determine such external performance param-

eters as cracking and reseat in relief valves or influence stability in

the case of regulators. The theoretical aspects of pressure distribution

for the various flow regimes are discussed in the subsequent paragraphs.

Nozzle Flow Regime

There has been a considerable amount of analytical work conducted on

converging nozzles, particularly for compressible flow. However, the

particular model under investigation has essentially constant cross

section along the flow path; therefore the model is analogous to a short-

tube orifice. The pressure profile along this orifice configuration is

similar to the converging nozzle because the flow separates from the

walls after entering the seating separation and exits with the stream

contracted (vena contracta). Unfortunately, this analysis is basically

qxialitative, and the determination of the pressure profile in this con-

figuration must be determined experimentally.

Turbulent Channel Flow Regime

For the incompressible fluid, the pressure drop is a direct function of

the length of the path; therefore, the pressure profile is a straight

line across the seat land. This results in an effective seat diameter

location at the land midpoint.
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The p'ressure distribution for the compressible gas consideration in some-

what more complex. Shapiro's equation discussed previously assumes that

the exit velocity is sonic and that the corresponding length computed is

for a specific inlet velocity. By assuming various channel lengths and

computing the inlet conditions, the pressure profile cani be determined

for the complete channel. In general, the pressure profile oklong the

channel approximates a straight line for the higher Reynolds numbers.

-However, as the valve model closes (corresponding to a decrease in h and

leynolds, number), the pressure profile progressively approaches the para-

_--bolic shape found in the lawtpar flow regime.

LamnarFlow-Resime

uAnlike the analysis of pressure distribution in the nozzle and turbulent

-channel regimes, the laminar consideration is straightforward. Because

-t..he density is essentially constant for the incompres~sible fluid, the

ipressure profile will be a straight line w-ith the effective area located

atthe midpoint (Fig. 8).
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Based on the laminar flow equation for compressible media, the following

fvrmula can be derived which expresses the variable pressure (P) an a

function of the distance along the seat land (x)

2 1/2

P -P 11 L

The resulting curve is parabolic in shape (Fig. 8). To find the average

pressure (i) over the entire land, the previous equation is integrated to

give the following relationship

2P 3 _ P 3

- 2 P1 2

1 2'
P1 P 2

22
it P 2 can be neglected, the averagle pressure for the seat land reduces

to

P~2

3P

It follows that for L small relative to the ID and P < < PV the effective

seat diameter for compressible media is located at 2/3 of the distance

across the seat land.

For the special case where the radial divergence must be taken into ac-

count, i.e., when L is large relative to the ID, the first equation must

be modified. It can be seen in the following equation that X/L has been

replaced by a radius function in the original equation, and the variable

pressure (P) is now a function of the radial distance (r) along the seat

land.

P ~J -1/22P

12

I
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Because r I and r2 are both variables in the guneral solution of the equa-

tioni, a single pressure profil -'urve cannot be determined. However, the

general effect of radial divergence io to straighten out the parabolic

curie, and for. the extreme case, actually reverse the curve so that the

effective diameter is l-ss than the lauid midpoinlt.

Detail consideration was not givea to the transition md molecular pres-

sura distributions because these flow regimes almost always occur vuder

highly stressed seating conditions, and therefore, the force resulting

from small differences in the effective seat area is negligible relative

to the total seat force.

SA.MPiLE COMPUTATION

To illustrate how the previously developed flow equations are used, the

following sample computation is presented. The seat model selected is

the 1-inch configuration used in the off-seat leakage tests. A cross-

section of this seat configuration is shown in Fig. 9. Flow is from the

inside (ID) to the outside (OD) of the 0.060-inch flat seat land. Leak-

age has been computed for nitrogen gas at a 100-psig inlet pressure, a

70 F inlet gas temperature, and a 14.7-psia outlet pressure.

Figure 10 presents the leakage spectrum for the sample computation. The

various flow regimes, i.e., nozzle, tu-bulent channel, laminar, tranisi-

tional, and molecular are identified on the curve. Also, the limits of

each regime are shown. A range of theoretical parametric data has been

computed for various pressures and gases and is presented with the tesi

data in the experimental test program section.

The following parameters are kno-n values for this beat configuration and

are used in the flow equations to compute the noted leakage characteristics.

Discharge coefficient, C - 0.95

6 .2
Gravitational acccleration, g - 1.39 x 10 in./min
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Specific heat ratio, k - 1.4

Chtaiel len~gth, L 0 ,060 inch

Inlet pressure, r 114.7 psia

Discharge pressure 1) - F 14.7 psia

Gas constant, R . 663 in./R

Absolute temperaeture, T1 I TP M 530 R

Channel perimeter (v ) ), W .- 2.95 inches

Absolute viscosity, 14 M 4.40 x 10- 1 1 b-miii/iri. 2

Nozzle Flow

For a compressible fluid flowing sonically the follow.ing equation is
used

RT C CWh p k+l
P a -J .MI( 1

Using the assumptions and data outlined previously

Q 1.045 x 107 h
P

The orifice flow ceases, and turbulent channel flo'w co cnces at a height
(h p) of approximately 6 x 103 microinches (Fig. 10). The land width is
0.060 inch giving an L/h ratio of 10 for the break point.

Turbulent Channel Flow

Plow in this regime is defined by a curve on log-log paper; therefore,
a saMple calculAtiou o one point will illustrate the method umed. Loak-
age is computed for a stroke height (h p) of 0.001 inch in the fol]owing

s tep :

1. Rfdraulic diameter, D a 2h - 0.002 inch

P
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2. A friction coefficient () is estimated at 0.040. This is the

starting point for the trial and error solution; (f) will be

verified at the conclusion of this computation.

3. CoWpute fLD - 1.20

4. Compute the entrance Mach number (M) from following equation

(Table B.4, Ref. 24)

fL 1 _ M2  k+l (k+l) M2

D kM 2k k( 1 +k - 2

for

fL/D = 1.20, entrance Mach number

M =0.49

5. Assuming an isentropic entrance condition, entrance static pres-

sure (PI) can be computed from the following equation where P.

is the stagnation (total) pressure of 114.7 psia, and M is the

entrance Mach number

k
o ,. k-i 2 - k-1

therefore, static pressure, P = 97.3 psia.

6. Again, assuming isentropic conditions, the entrance static teti-

perature (T1 ) is computed from the following equation for a

total temperature (To) of 530 R.

TT k-I 2
T 1 2

therefore, static temperature (T1 ) = 506 R
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7. The following series of e;uations are used to comp'.te the flo'

(Q) in the channel

V 1  M

P1

P1  RT1

A =WhP

= p AV 1

RT

from which the flow. Q = 7960 scia

8. To prove the flqw computotion, the originally estimated friction

coefficient (f) is checked. Reynolds number is first computed:

R DV1A. = 3.95 x 103
e A

Using the computed value for Reynolds number, a frictic coef-

ficient Is determined from the Moody diagram. The friction

coefficient determined from this curve is 0.0395, and is close

enough to the original estimate of 0.040 so that a recomputation

is not necessary.

The curve plotted from this and other data points is shown as a dashed

line in Fig. 10, This flow regime extends into the initial portion of

laminar flow, i.e., R below 2000 where fluid momentum is still n im-e

portant consideration.
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Laminar Flow

Laminar flow for nitrogen gas is computod 'rr-m the Poiseujile equatIon

in the following form

T ,dhn 3 2P22)l

Q T Wh 3 1 2 22
Q 24 LRT

S

Using the assumptions and data outlined,

Q 4.08 x 13 3

This flow regime continues until molecular flow can be detected and the

transition flow (laminar + molecular) begins.

Transition and Molecular Flow

The eauation used to compute leakage in the molecular regime is as follows:

RT 2 2 (P1 - P2)

PS 3sL R/

Using the Assumptions and data outlined,

Q = 2.49 x 108 h 2

This flow regime is plotted on the lower right of Fig, 10. The damhed

line connecting the laminar and molecular flow regimes is simply the sum

of the two leakage values. Therefore, the transition equation is

QTransition ' QIaminar + 9bolecular
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The boundaries of this transitiop regime are defined by the following

limits

/h -- 0.01 to 1.0

The molecular meani free path (A') is 3.61 microinches for nitrogen at

standard conditions (70 F and 14.7 psia). For a mean pressure of 50

psig, = 0.82 microinch.

The corresponding height limitation of the transition regime is between

0.82 and 82 microinches (Fig. 10).
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NO4CLATURE

A - area, sq in.

C - discharge coefficient

D - hydraulic diameter, inches

f W friction coefficient

g gravitational acceleration, in./min°

hp parallel plate channel height, inches

k r .in (f specific heats

L or X channel length, inches

M entrance mach number

P = static pressure, psia

Q = volumetric flow at standard conditions of temperature (T)
and pressure (P_), in.3/min or for compressible flow, scim

inside radius, inches

r 2  -outside radius, inches

ii - gas constant, in./R

Re - Reynolds number

V velocity, in./min

W =channel width or perimeter, inches

Greek Symbols

w0 - weight flowrate, lb/min

M viscosity, lb-mm/in. 2

P - density, lb/in.3

X/  mean molecular free path, inches
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Subscripts

1 inlet or entrance conditions

2 = outlet or discharge conditions

0 = stagnation conditions

aU standard conditions
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SURFACE ANALYSIS

Study has shown that real surfaces are exceedingly complex, and that l

attempt to describe their deformation characteristics on an individual

asperity basis is impossible. Similar to one-dimrension-ai pipe flow,

simplifications must be made so that a minimum anualysis will point the

way and hopefully provide quantitative data within one order of magnitude.

A fundamental problem in the analysis of surface geometry is the defini-

tion of the controlling surface characteristics for the specific applica-

tion. In one case, waviness is undesirable, while in others, scratches,

pits, lay, roughness, nodules, or even an approximation ol these defects

through appearance and feel may dictate requirements for the finished

surface. If valve seat leakage is to be considered from initial con-

tact to the molecular diffusion level, all defects must be measured to

a relative degree. Nodular protuberances and/or contaminants hold the

poppet off seat at light loads often out of parallel and influence the

general compliance capability into the higher load region where waviness

and gross curvature differenLials must be pressed out before compressing

the stiffer roughness. Finally, scratches must be raised from below by

the internal compressive stresses created in the material by the seating

force. Not considerod within the scope of this program, but possibly a

source of molecular diffusion leakage, are surface films of a porous

nature. Each -of the -ecognized surface characteristics must be analyt-

ically described so that their proportional influence on valve seat leak-

age may be quantitatively evaluated.

The purpose of this analysis is to first provide a means fo.," numerically

describing the various constituents of seating su-faces commensurate with

measuring ability, and second to derive relationships relating seat load

to leakage. Because these relationships will be based upon simple, im-

perfect models, it is to be expected that experimental correlation will

be necessary to show the real situation. However, the understanding

provided by these relationships will result in the properly directed

pursuit of advanced designs and performance.
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EJIV:. '.&-1Y SPACING HEIGHTS FOR SURFACE DEVIATIONS

The deviations of seating geometry may be bWvoadly divided into the

followi1g:

1. Gross ubnorw~iti.s of geometry such as out-oi-parallel plates,

broad curtutures oerst'iid as a deviation from a flat plain, or

,,pherical y wating -urfaces

2. P; jtert ' surface texture previously noted, i.e., roughness,

waviness, oval, 9, pi-t,, and scratches

Tb. leakage flow through, and as a result of, these various surface devia-

tions may be indirectly determined by computing the equivalent parallel

plate spacing of each deviation for that portion of the seating surface

it cccupiee. As prcviously shown, vaive seat leakage takes place maijily

in the laminar and rvlecular flow regimes. In laminar flow between par-

al2el plates the defining geometry is length, width, and separation

height cubed (h3). The same conditions hold for molecular flow except
2the separation height is squared (h2). Thus, the cubical and square

we..ghted height averages of the various surface geoetries used to ob-

• &*n the equivalent parallel plate spacing he, are of interest. These

averages differ from the surface roughness averages (AA and rms) in that

they are for the peak-to-valley spacing and are not taken about a mean

line.

Gross Geometry Deviations

Valve seat leakage caused by gross separations in the interface is mainly

laminar but may be turbulent channel or nozzle flow. For the laminar

case, cubically weighted averages (heL ) have been computed for typicalcase,

deviations of gross geometry. An example of the approach is shown below

for the out-of-parallel situation of a flat poppet and seat. It has been

assumed that the seat land is sufficieutly narrow with respect to the mean

diameter that radial divergence and nonradial flow at the point of contact

contribute negligible error.
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22

S = R O

js X =R COSO

5 R he:[~~z~)~s"
he  -- -] h

Curve Z is one-half of a sine wave when unwrapped; and therefore, the

same result is obtained by integrating over the length (1T R). Cylindri-

cally out-of-flat defects (concave and convex) also resuit in sine wave

when unwrapped; therefore, their cubical average is identical to the

above.

It can be shown for these models that, the assumption of perfect, radial

flow results in small error because more than 90 percent of the total

flow discharges from the wide 130 degrees of the periphery. Therefore,

only 10 percent of the flow is involved in the contact regions where

the flow is partially circumferential.

Surface Texture Deviations

Except for rare instances, loaded on-seat leakage is a combination of

laminar and molecular flow (for gases). The leak path is through the
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interstices formed by the contacting asperities. As with gross surface

deviations, weighted aver'ages of the spacing (h) can be computed for

various regular geometric wave forms. For the laminar regime, the cubical

average (heL) is applicable:for molecular flow (heM).

The geometrical tern* anud equations used to describe model surfaces are

summarized in the sinusoidal representation shown in Fig. 11. The height

(h) and wave length (k), can be assumed to represenlt various other wave

forms and exist as waviness or roughness or a combination of both. For

example, a sinusoidal curve of smaller h and X can be superimposed upon
the sine wave shown, In addition, these waves can be imagined to be

either linear into the paper or undulating in a similar fashion as that

indicated resulting in a three-dimensional series of hills and valleys

which cortain a smaller version of the same. For the fine surfaces uider

consideration (h - 0.5 to 20 microinches), the average asperity angle

(0) will seldom exceed 4 degrees, and sharp lapping scratches do not have

slope angles much greater than 10 degrees.

Various averages have been computed from the equations shown in Fig. 11

for a number of regular geometric wave forms (Fig. 12). These factors

may be used to estimate the variations between surfaces and the possible

effects on leakage performance.

The remaining surface defects important to valve seating are nodules and

scratches. (Localized pits, do not increase leakage and are not con-

sidered.) Geometric interpretations of these defects may be obtained by

the same parameters defining roughness (h and 0) in addition to a density

factor which relates the percentage area of these defects to the total

area.

MODEL SURFACE IEFORMAT IONS

The deformation of simplified model surfaces is based ou the aussmption

of total elasticity of the interfacial contacts and substrata with uni-

form unit loading over the seating land. The nominal plastic deformations
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that take place in real contacts will be neglected as contributing little

to the load required to effect a shutoff. Each model defect will be

treated separately, and it is assumed that loads may be superimposed to

arrive at a final solution. Therefore, the load to depress nodules into

the waviness will be added to the load required to flatten waviness which

in turn will be added to the load necessary for compressing the roughness

component. No simple analysis exists which describes the characteristics

of scratches or shallow vee grooves in a compressed surface; therefore,

the results of model tests must be reviewed to arrive at some quantitative

evaluation. It is additionally assumed that the deformations of one de-

fect do not affect another. This is not actually the case because all

defects are an integral part of the surface. However, the incurred

error is assumed negligible because the relative stiffness of nodule

tips or wave crests is generally small compared with the substrata. This

assumption becomes increasingly invalid as the protuberance spreads out

and approaches the general plane comprised of the average roughness-

Analysis of the deformations is based upon Hertz equations for curvi-

linear contacts. These equations have been reduced to a relatively

simple form in Roark (Ref. 27) for a variety of singular contacts. In-

cluded are sphere on plate, sphere on sphere, cylinder on plate, cylinder

on cylinder, cylinders crossed at right angles, etc. From these geomet-

rical shapes and the previous data on model surfaces, a variety of models

may be set up for analysis. The primary difference between each of these

configurations is the spring rate, or the load to achieve a given deflec-

tion, and the load that the contact can support before plastic flow re-

sults. For example, the sphere oxi sphere is considerably more deformable

than the cylinder on cylinder.

Deformation of Waviness and Roughness

Consideration of the various types of surfaces fabricated in the test

program resulting from grinding, lapping, and polishing has indicated

that the most likely model configuration is one which is multidirectional.
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Real surface contacts consist of combinations of crossed ridges and con-

tacting spherical protuberances or nodules, interlaced with scratches.

A loose abrasive lapped surface of general matte appearance has an ex-

tremely nodular structure, generally termed homogenous or multidirectional,

which is interspersed with numerous nicks and scratches laying below the

enerall terrain. The diamond lapped surface generally has a definite lay

either unidirectional or criss-crossed. Tie lay characteristic is caused

by the scratches which have raised ridges along their lips or edges. Even

in unidirectional diamond lapping these scratches criss-cross each other

in angles of a few degrees, thus breaking ridge continuity.

From these observations and those noted in the literature (see Surface

Studies), the model selected for analysis and data correlation is the

sinusoidal surface in one direction mating with a similar surface rotated

90 degrees. The result is a multiplicity of crossed-rods contacts. This

model has the advantage that the wave lengths and heights of each surface

may be varied independently without destroying the model concept; also,

resultant deflections are very near that obtained for spherical contacts.

Of primary concern is what happens to the displaced metal as the surfaces

are loaded. Under an elastic condition, a change in volume of the stressed

member s will occur, and one assumption might be that the depressed metal

simply disappears. It is more likely that for the extremely shallow hills

and valleys of most seating surfaces, the valleys rise as the hills are

depressed.

A second consideration is that as the surface asperities are compressed,

a point is eventually reached when the assumed model is n,,t the con-

trolling characteristic, and deformation has rendered the model invalid.

This transition is gradual and will tend to cause a general stiffening

of the surface so that more load will be required to decrease 'Leakage

than the analysis predicts. However, the primary objective of the analy-

sis is to place the controlling variables in proper perspective with test

data used to estabiish a reference datum. After a better understanding

of the real situation is achieved, a more iophisticated analysis will

undoubtedly provide improved correlation.
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The variation of the average leakage path (h e) with load (or gross seat,

stress) can be established from Fig. 13.

The approach of the two sinusoidal surfaces shown (Fig. 13) is approxi-

mated by the Hertz equation for the deformation of two cylinders modified

by a factor c which may be assumed to vary from 1 to 2, If f - 1, i-he

displaced material is assumed to disappear into the surface. If C 2,

the valleys are assumed to rise in proportion to the deformation of the

peaks. The deformation in terms of the periodic surfaces si )wn is

6= 2 (h1 X2
2  h2 x1 2)

where

FS - TD

and

a elastic constant for two contacting surfaces, psi

E E2a - __ 2__ 2
a 1 I - V 2

C = function of X and h

D mean seat diameter, inches$

E = elastic modulus, psi

F total seat load, pounds

h peak-to-valley height, inches

L seat land width, inches

S = apparent contact stress (also equal to individual contact
load divided by X! x 2)) psi

6 =contact deformation defined by the approach of points
remote from the contact, inChes

V = Poisson ratio

31



, 
REA

CONTACT

Figue 13. Sinusoidal Model Surfaces

%W



The maximum seat load, or apparent stress, is based upon metal failure

from subsurface shear which is assumed equal to one-half the yield

strength of the material in normal Cension. The maximum ehtvar stress

is equal to one-third the maxinmm contact stress. Relating these terms

resalts in m expression for maximum apparent stress based on geometry

mad yield strength

SA/2 B 2 2Sm (AI 2 '2 1i

whe re

F
Sm

m TDL
8

and

A and B- functions of X mnd h

F = maximum seat load, pounds

S = maximum apparent contact stress, psim

Y yield strength, psi

Of c 1lastic constant for two contacting surfaces, 1/psi

o) 2

1 -4-
E1 E2

Values of Variables A, B, and C

X, 2/hI

2___2 1 2 3 4 6 10

A 0.91 1,2 1.4 L.5 1.8 2.2

B 0.63 0.48 0.40 0.31 0.22

C 2.08 2.0 2.0 1.9 1.8 1.6
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Combining the deformation equation with the relation for the averaged

heights (heL and heM) results in an expression relating the apparent

seat stress to the equivalent leakage path in terms of the surface

microgeometry and material properties. The general expression is

H - M (

where

H h1  + h 2

H either the laminar or molecular factors of Fig. 12

Simplification for Identical Surfaces. The previous equations have been

derived so that surfaces of different xoughi-ess mid wave lengths may be

evaluated. Where the two seating surfaces differ appreciably, the de-

flections must be computed from these equations. In general, however,

the techniques used to finish a poppet are also used on the seat, and

the resulting surfaces are quite similar, if not identical. Consider-

able mathematical simplification of the previous equations is afforded

if the two surfaces are treated as identical. In most cases, nominal

differences can be simply averaged. Assuming C - 3/2 (valleys rise 1/2

the peak deformation) the equations are reduced as follows:

(6 W S2 0) -

2h H

0.42 t2 y3

11eL -,0.68 (a - . 8) - 1.36 (h - - 8)

F1eM 0o.61 (H 8) , 1.22 (h- 8)
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The flattening stress (Sf) may be obtained by letting 8 4/3 h; He is

zero, and theoretically, leakage is zero. Although flattening stress i3

only hypothetical (because of other surface defects), it results in a

valuable criterion of surface deformability. The flattening stress for

the assumed model is

S O.257

which indicates that for any elastic material, the apparent stress to

achieve a given deformation is dependent upon only the average asperity

angle. The analogy of the corrugated tin roof helps visualize this re-

lation. It is apparent that increasing the number of corrugations per

foot will increase the stiffness of the structure and vice versa.

The relative importance between waviness and roughness can be obtained

by computing the ratio of the waviness to roughness flattening loads;

therefore,

Sf
w w

f - rr

In most cases, the roughness will not be flattened; therefore, the above

criterion should be determined using the actua- apparent stress applied.

Deformation of Nodules

The treatment of nodular deformations is the same as for roughness ex-

cept for the introduction of a density function (0) and a slightly

different model assumption. Because most nodular contacts are more
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round than elongated and quite larger than the opposing roughness, the

assumed model is a sphere on flat plate. Referring to Fig. 14, the de-

rived equations are

d

n

18 a2 S h 3 1 '/3

n n 44n

s - l.l# aY 3
n ,2

n

S 11 S2. 2 Y

0.236 #2

n

11 i, these equations represent a flat surface contacting a surface

comprised entirely of spherical caps. Ratios of these equations with

those of the previous models for surfapes of equal height and wave-

length give the following results:

1/3
-- = 1.6

S M
n 1.1

-- 4- 2.6

n 0.236

-= 00.32
Sf 0.257 0.92

These ratios indicate that the nodular surface is not only more compliant

than the crossed rods model but is also more capable of supporting a

giveti load elastically. The load to flatten is nearly the same for both
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H =2h

I Fiaure 14. Model Of 1IeMiSDIericai Nodule
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models. The reason for the greater compliance and strength of the en-

tirely nodular surface is because it is not sinusoidal; therefore, it

has more effective contact area per wavelength (X).

Of primary concern in this analysis is the flattening stress because, in

most cases, fully separated seat leakage would be quite high. As with

waviness, the rati( of nodule-to-roughness flattening stresses will allow

an estimation of the relative importance of nodules

n n

rr
r

If the seat load is insufficient to flaixcn nodules, the equivalent

besght may be approximated by adding the nodular space to the equivalent

beighte for the asperities of both surfaces; therefore, the general ex-
pre~s ion is

ini

E h -8 +He L D n

The load to flatten nodules or waviness subtracts from the totsl load so

the roughness deformatioa expression is modified accordingly

__. ______

36a2h3 (S -S -S )2j

STBES-LAKAGE EQJATIO NS

The deformation and leakage flow equations previously developed may be

combined to obtain a composite equation relating all of the knowr vari-

ables. While such an expression is exceedingly cumbersome and is better

handled in parts, it does allow at one viewing a consideration of all

variables.



As s umpti ons

The assumptions leading to the final equations are as follows:

1. L.eakage flow is described by the laminar and molecular Ilow

equations for parallel plates. Total flow is the sum of molec-

ular and laminar flow.

2. Appropriately weighted averaging fa-tors may be used to obtain

equivalent parallel plate heights for calculating leakage.

3. Seat load is uniformly applied and is uniformly distributed

across the seat land (L).

4. Mating surfaces are sinusoidal in one direction, ucioaso-layed at

90 degrees, and have the same peak-to-valley height and wave

length (there are no superimposed nodules or waviness).

5. Surface deformation equations are valid tip to 3/2 of the yield

strength based on Vicker's hardness tests.

6. Hertz xheory is valid for peak deformation to define the de-

crease in h up to some value to be determined by test.

Stress-Leakage Equations

m 0.42 a 2 Y3
m e-

S 0.257 $1" a

1/3

H el 0.6s (H - 3/2)

89



HeM - o.61 (H - 3/2 6)

H h 1 + h2

TD HL3 (p 1-2)
La ei ... 2 # E

24 LRT

3 
L P T7

N4wTf: RT --

p ~p

(PI'

Q ,,+ TA.
p

For

P = 14.7 psiaS

T = 70 F = 530 RS

g = 32.2 ft/sec 2 = 1.39 x 106 in./min2

4.71 Da HeL 3 (p1 2 - p 2
2)

QL LT

1.42 x 105 Da HeM 2 (PI - P 2)

Q QL + Qm

=90
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Composite Equation

4.71 Ds (p1
2 _ p2

2) [M (H - 3 +

1.42 x 105 D. (P1 P2 ) [MM (H 8)]

L E

PARAMETRIC STRESS-LEAKAGE ATA

Parametric data have been computed from the previous equations in support

of the experimental test program. The poppet and seat model design is

shown in Fig. 15 with appropriate dimensions. Test and configuration con-

stants and parameterized variables are summarized below with the reduced

equations.

Test and Configuration Constants

The test and configuration constants are as follows:

Inlet pressure, P1 = 1015 psia

Outlet Pressure, P2 = 14.7 psia

Gas temperature, T = 70 F = 530 R

Gas constant, R = 663 in./R (nitrogen)

Gas viscosity, 4.4 = 4. x 10-11 lb-min/in.2 (nitrogen)

Mean seat diameter, DS  = 0.470 inch

Seat land width, L = 0.03 inch
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F SEAT LOAD

99-556528 POPPET

Lx 0.0

j 99-556529j SEAT

I FLOW

Dax0470

-Figure 15. Typuical 1/2-Ianh Poppet and Seat Model
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Reduced Equations for 1/?-1nch ModelSeat

The reduced equations are as follows:

Q 3.26 x l0-o iieL

QM 2.49 x 109 llm. 2

S)2 h3 %)311

= 2.49 x 10 (.22 1 - a (36 a 2

Q =QL - QM

Material Parameters

The following lists the material parameters.

i Vickers iel~ 1 -
Hrdness Strength Elastic Elastic
ih- r ee riterion, Constant," Modulus,

Material kg/ mm psi 1/Psi psi

440C -6 6

Stainless Steel 800 610,000 0.0607 x 10 30 x 10

6061-T651 -6 6
Aluminum 123 93,800 0.182 x 10 10 x 10

Tunigs ten -6 6
Carbide 1330 1,000,000 0.0202 x 10 90 x 10

*Poisson's ratio, V = 0.3
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Surface Profile Parameters

The surface profile parameters are:

1. Peak-to-valley height for one surface (second surface identical),

h . 1, 1.5, 2, 3, 4.5, 6, 9, 12 and 10 x 10 - 6 inches

NOTE: These h values correspond to approxi-
mate AA valueq of 1/3, 1/2, 2/3, 1.0,
1.5, 2.0, 3.0, 4.0, and 6.0 microinches.

2. Average asperity wagle, 4- 1/16, 1/4, 1 and 4 degrees (must

be in radians for use in equations).

The parametric curves of leakage vs apparent seat stress are shomn in

Fig. 16 through 18 for the constants and variables noted above. The

curves cover a span of 10" scia for seat stress from 100 to 100,000 psi.

The basic parameter for each family of curves is h (e.g., h - 1.0 micro-

inch) with variations of 0 showing the span from typical waviness to

roughness. An evaluation of these curves shows the effect of h, 0, and

a on leakage.

Interpreting tL'e curves requires certain precautions and observations.

Multicycle log-log paper can be very misleading because of the great

#pwrz of data. For example, consider the scope of data in the first

cycle (100 to 1000 psi) in relationship with the second, then the third.

Also, the curves represent deformation of a uniform surface and not the

more complex mode). of knobs on knobs on knobe proposed by Archard (see

Surface Studies). The effect of waviness superimposed on roughnes, (a

beginning of Archard's model) can be evaluated by subtracting the ap-

parent stress to flatten waviness from the total available apparent

stress to arrive at a final leakage value. To find the leakage of both

waviness and roughness when waviness is not eliminated, the waviness

leakage is added to the roughness leakage obtained at the 100-psi

(essentially zero) stress level.
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Stress-leakage data for other test conditions and valve seat configura-

tions may be obtained by applying appropriate ratios of the variable

parameters to the governing equations. Because the total leakage de-

scribed by these curves is a combination of lamirtar and molecular flow,

the division of this flow must first be determined so that the ratios

may be applied separately to each term of the total flow equation

(Q = QL + Qm) " Figure 19 plots the ratios of MQ and QL/Q in percent

for the parametric data curves of Fig. 16 through 18; i.e., for the

specific model at a 1000-psig inlet pressure.
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Stress-leakage data for other test conditions and valve seat configura-

tions may be obtained by applying appropriate ratios of the variable

parameters to the governing equations. Because the total leakage de-

scribed by these curves is a combination of lamirar and molecular flow,

the division of this flow must first be determined so that the ratios

may be applied separately to each term of the total flow equation

(Q = Q + QM) " Figure 19 plots the ratios of QM/Q and QL/Q in percent

for the parametric data curves of Fig. 16 through 18; i.e., for the

specific model at a 1000-psig inlet pressure.
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NOMENCLATURE

a elastic constant for two contacting surfaces, psi

AA = arithmetic average, microinches

A and B = functions of h and X in S equationm

C = function of h and X in 6 equation

d = nodule base diameter, inches

D = mean seat diameter, inchess

E = elastic modulus, psi

F = total seat load, pounds

g = gravitational acceleration, in./min2

h = average peak-to-valley height for one surface, inches

h e equivalent parallel plate height for one surface
e (i.e., weighted peak-to-valley height), inches

H = average peak-to--valley height for two contacting
surfaces, inches

H = weighted peak-to-valley height for two contacting
surfaces, inches

L = seat land width, inches

M = laminar or molecular weighting factor

P = pressure, psia

Q = flow, scim

R = gas constant, in./R

S = total apparent seat stress, psi

S f apparent seat stress to flatten, psi

S = apparent seat stress to surface yield, psi

T = temperature, R

Y = surface yield strength, psi
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Greek Symbols:

= elastic constant for two contacting surfaces, 1/psi

= nodule density function

8 = surface deformation, inches

= surface deformation factor

X = average asperity wave length, inches

= viscosity, lb-min/in.2

V = Poisson's ratio

p = density, lb/in.3

4' = average asperity slope, radians

W = weight flowrate, lb/min

Subscripts:

I = inlet conditions or surface (1)

2 = outlet conditions or surface (2)

L = laminar factor or flow

M = molecular factor or flow

n = nodule

r = roughness

s = standard conditions of temperature ed pressure, i.e., 70 F and
i.7 psia

w = waviness
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DESIGN, FABRICATION,AND DEVELOPMENT OF

TEST FIXTURE AND MODELS

The definition of the development effort following the Survey Phase out-

lined the general requirements for a test fixture and facility to pro-

vide test data on valve seating. The design of a test fixture for ex-

perimental model evaluation posed some formidable problems because in

addition to the capability for precise measurement of various test

parameters, the tester should not influence the data. Primarily, the

tester was to provide information on poppet and seat forces in the near-

seated and seated positions, leakage flow as a function of inlet pressure,

and seat position and load for flat, metal-to-metal poppets and seats.

However, testing of conical and spherical-shaped metal models was con-

sidered in the design as well as a capability for cycle testing to eval-

uate the effects of dynamic loading.

An analysis of test capabilities led to the model hardware definition

outlined in Table 6 and the test fixture requirements.

TEST FIXTURE REQUIREMENTS

Test fluid Helium, nitrogen, and argon at 70 F

Seat inlet pressure 0 to 1500 psig; measurement accuracy
±2-1/2 percent

Seat loading 0 to 3000 pounds based on 0.500-inch
diameter seat, 0.030-inch land width,
and 60,000-psi seat stress with 5 per-
cent measurement accuracy

Model position control 20-microinch parallelism total over a
1.0-inch diameter between poppet and
seat mating faces; linear poppet-to-
seat gap control from contact to
0.001 inch and detection of 5-microinch
change

Leakage measurement 10 - 3 scim to 10 scim

Preceding Page Blank 103
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Cycling Approximately 1000 cycleu per seat;
impact levels to be established
by test

Test models Poppet and seats to be readily changed
without impairing positional accuracy

DESIGN

Figures 20 through 23 are detail drawings of the test fixture and models

used during the program.

Seat-Loadin&

The first design feature to be established was that the poppet be loaded

by a pneumatically pressurized piston. The primary advantages of such a

method are simplicity and cleanliness of the system, availability of

high-pressure gases and necessary control components, and ease of con-

trol for static and dynamic testing.

Selection of the piston size represented a compromise influenced by such

considerations as reasonable pressurization levels required to produce

sufficient stress ii. the model seat land and a high length-to-diameter

(L D) ratio to wiiumize poppet-to-seat parallelism deviation. A nominal

niston diameter of 1.5 inchea (loading area of 1.767 sq in.) %as selected

in conjunction with a 0.0001 to 0.0002-inch piston-bore diametral clear-

ance and an L/D ratio of approximately 5. Assuming 2000 psig as a mini-

mum bottle supply pressure, the resultant maximum seat load is 3530

pounds correrionding to a seat stress for the 0,530-inch OD, 0.03-ihih

land width seat of 80,000 psi.

The piston size basically dictated the dimension of the balance of the

tester resulting in a unit weighing approximately 50 pounds permitting

reasonable handling ease.
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Seat Load Measurement

An accurate measurement of model seat loading was one of the prime test

parameters and of sufficient importance to warrant dual verification

methods. The precisely controlled piston diameter in conjunction with

precision (0.1 percent of full scale) 3eise pressure gages provided the

first and most P-imple means of load measurement. In the low, sensitive

load region using a precision 100-psi gage, load accuracy of less than

0.2 pound may be realized. Therefore, the lowest load which could be

controlled within the desired 5-percent accuracy was 0.177/0.05 or 3.5

pounds.

The second method used for load measurement was a system of strain gages

arranged to form load cells. A three-cell system mounted directly on

the model test piston was used to (1) eliminate errors resulting from

friction and side leads from intermediate members, (2) proviae a three-

point mounting which would eliO-nate errors from locating points devi-

ating from a true plane, and (3) allow an analysis of eccentric loads

cretted by nonuniform seat loading. Item 3 originates predominately

from the loading Gf nonparallel seating surfaces but also from possible

nonuniform distribution of the seat inlet pressure. To provide allow-

#ice for nonparallel seating and cycling impacts, each cell had to be

capable of taking a 3000-pound load.

Several systems were studied ranging from commercial units mounted ex-

ternally with interchangeable elements for different ranges to a custom

design ivhich would cover the entire range. The latter used either

piezoresistive or conventional resistive strain gages to be mounted

directly on cells machined as part of the piston, each cell being capable

of covering the entire range. All eystem required an electrical ampli-

fier and reado-It method of high gain and stability. The piezoresistive

method had the advantage of high sensitivity and output directly from

the sensing element which eliminated much electronic equipment. Its
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disadvantage, however, was extreme sensitivity to temperature changes at

low strain levels where temperature variations may be caused either by

external sources or self-heating. The result is an apparent chauge in

load and unstable output.

The conventional strain gage system is less sensitive to temperature

variations and has a well established history of application and use.

Its low output, however, requires a high-gain amplifier with associ&ted

problems in stability mid reliability. As both systems possessed de-

sirable features, a parallel effoi was unaertaken with the results of

development testing to dictate firal choice.

The conventional or resistive system used a Baldwin-Lima-Hamilton type

SR-4 etched constantan foil strain gage (P,/N FABX-12-12). This unit

consisted of two identical gages with strain axes 90 degrees opposed,

one mounted directly on the other with a bakelite backing. Each piston

leg (load cell) would use four of these gages mo'inted with one element

of each parallel and te other perpendicular to the piston centerline.

This provided four active elements wired in series to amplify input

strain with four dummy elements providing temperature compensation.

Each load cell comprised the active leg of a bridge circuit, used a

separate amplifier, and through suitable switching, the output would

be individually displayed on a direct-inking chart recorder.

The piezoresistive system to be evaluated was manufactured by

Micresystems, Inc., and used a matched set of temperature-compensated

gages (P/N IXC6A7-16-350) for each load cell. The gages, also wired in

a bridge circuit, were high-output units requiring no intermediate

amplification. and therefore, could be fed directly into the recorder.

Position Control

The precise control of test model displacement (gap) and relationship

of poppet and seat alignment and parallelism was considered paramount if
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accurate, repeatable data were to be obtained. Consequentl3 , this aspect

of the tesi fixcure received considerable design aid development effort.

Piston Centerin. A hydraulic system for centering the piston in the

body during testing was derigned to eliminate friction and rigidly sup-

port the piston. The desi,-, , was based on the phenomenon of the radial

force acting on a piston vi.th axial hydraulic flow through the clearance

between piston and cylinder. It can be shown that with flow through a

diverging or convering ciearance of an eccentric piston, an asy umetrical

pressure distribution is set up which will develop a radial force acting

to either force the piston against the cylinder or center it in the cyl-

inder. The former often produces, in piston-type control valves, a

condition called "hydraulic lock," while the latter case is used in this

design to float the piston in the body.

The relationship (Fig. 2') among radial force, hydraulic pressure, and

piston-cylinder dimensions are defined in Ref. 28 as follows:

I- - 1- - -D

L D_ _ PT_ 2-ST )
C4

where

D = cylinder diameter

F radial force on piston distributed over length of taper as
c large end of taper just contacts wall of cylinder

1 = length -,f taper

AP p pressure diflerence between ends of taper

diametral taper of piston
diametral clearance at large end of taper

113



1/2 DIAMETRAL TAPER

~ -P PISTON-CYLINDER

1 2 DIAMETRAL CLEARANCE

0.3

+ 0-

0

02 3 4
r TAPER

CLEARANCE

Figure 24. Piston Centering Force Diagram (Blackburn)
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For a given pressure differential acting on a particular piston, the

centering force increases with larger tapers to a maximum at T equals

to approximately 0.9 and then slowly drops off (Fig. 214). It was hypoth-

esized that with this design, the location of Fc occurs at approximately

1/2 L when T is such as to give maximum F

This principal was applied to the tester a~sembly by incorporating two

identical tapers on the pisto! to produce a pair of ceniteriig forces

which would provide a restoring moment to ajiy eccentricity developed in

poppet to seat loading. The taper to clearaiice ratio (T) was kept niear

1.0 by using the following approach:

1. Clearance between piston anud cylinder was established at a

minimum consistent with current lapping practices for this size

piston (1,500-inch diameter x 6.0 inch length).

2. As the small degree of tapering necessary could only be accom-

plished by a more or less "cut-and-try" hand lapping process,

tolerances were established to provide a minimum taper. This

provided allowances for subsequent modification without a great

sacrifice in centering capability.

The final design resulted in a piston-to-cylinder clearance of 0.0001 to

0.0002 inch and a diametral taper of 0.0001 to 0.0002 inch. The re-

sultant lateral forces are computed as follows;

.- 00001 0.5rmin -0.0002 -0.

-0.0002 - 2.0
max 0.0001

F1 + T
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c178,dKP. -

(m 0.9) i.17F , o./ " .9
7xx 9 2 -77+ 0.9

0.4! xp

"x (f or T 0. 5) 0.39 x .1 P

wn(fo 0 r = 2. 0) . 0. 36 x A I,

DiFtsxicf, beiwen the t~pers was Zixed %At 2.50 inches 80 that for mini-
mtr. V the ',vailable centering moment is

C.

H*2.5 xFc 2.50 x0.36 Ap

The mmxir!m decenteriig force loading the piston against the cylinderb9re to developed .uel the maxjium available load (3000 pounds) is con-% Vr:tteQ on une edge of the (0.500-inch diameter) test sat. Therefore

tht; required moment is

M -3000 (~ o) 750 in.-lb

The hydraulic film pressure (AP) required to provide piston centering
is then:

A P = 750
2.5ou x 0.3 5830 psi

This could easily be provided from a pneumtically pressurized hydraulic
supply.
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Tile hydraulic fluid choeen was SAE 70 lubricating oil, which has rela-

tively high viscosity (2000 centipoise) foi- low leakage, maximum vis-

cosity permitting fine filtration, and good lubricating qualities.

Leakage would be controlled by the piston-to-cylinder clearance as the
"no-friction" requirement did not allow conventional seals. The double

taper scheme includes four lands across which leakage is produced be-

cause of the film pressure. Vrom Blackburn, hydraulic leakage is
3

where

b = radial clearance, 0.0001 inch

D = piston diameter, 1.5 inches

L = length of seal land, 0.25 inch

A P= pressure drop across the seal land, 1200 psi

Q leakage, in.3 /sec

4fi eccentricity of piston to cylinder, 0.0001 inch

= fluid viscosity (2000 centipoise = 2000 x 1.45 x 10 - '
lb-sec/sq in.)

Therefore, for four lands all at maximum eccentricity pressurized to

1200 psi and using SAE 70 oil, the leakage (Q) is 0.38 cc/hr. The pres-

surized supply tank was designed to provide approximately 100 cc of oil

over ullage requirements which would alloN, 50 or more hours of operation

at maximum pressure.

It was recognized that the SAE 70 oil would probably not allow.impact

or cycling frequencies high enough to provide a good range of test data.

The hydraulic fluid would be changed at the time of test to a lower

viscosity oil or air to provide faster piston travel.
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Poition Measurement. Establishing and measuring the poppet-to-seat gap

and related factors such as parallelism and ilatness that have a direct

bearing on its affect upon flow was expected to be one of the most diffi-

cult tasks in the test program. The required measurement accuracy was

largely determined by the type of test invo'ved. However, the tester

was designed to provide measurements of the vertical movements of the

poppet and seat seating surfaces relative to a reference plane that were

acscurate to t5 microinchea. This was accomplished by the use of a Merz

electronic height indicator mounted on the same surface as the tester

which takes readings directly from reference surfaces precision lapped

on the test poppet* and seats. For the test poppet, the reference sur-

face is the back face which bears on the load cells, and for the test

seat, it is a land outside the seating area which is lapped to become a

continuation of the seating surface. Access to these reference surfaces

on the poppets and seats is made through openings on opposite sides of

the tester. Height readings may be taken with pressure and load tither

on or off, permitting maximum accuracy through the continual monitoring

of dimensio ial change. The parallel relationship of the test poppet and

seat in the tester was accomplished by mounting the poppet directly on

the load cells and the seat directly on the base plate which is main-

tained in intimate contact with the base of the body. Parallelism de-

viations of thq seating surfaces then are a function of parallelism of

the model test poppet and seat seating surface to locating surface p)anes

and the tester body base to load cell locating surface. Tolerances es-

tablished for critical details hold parallelism to 34 microinches maximum

over a 1.0-inch seat diameter.

Clearance between piston and bore (0.0001 to 0.0002-inch diametral), under

zero film pressure conditions, permits a '%aximum theoretical cocking of

36 microinches across the 1.0-inch diameter seat which results (at zero

load) in a maximum deviation from parallel of 70 microinches.

A further aid to the establishmen. of an accurate reference of actual

veat position was provided through an electrical contact. An aluminum

oxide coating on the piston and insulating spacers between the flexure
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and poppet p~rov& ded electri cal isulati on be tweeni the test poppet mid

te,1 t seat. A sinall 1;A re was attached to the tes t. poppet mnd wits coni-

tainied as p'art of tilt loa,4 cell1 cable. A circuit composed of a1 flash-

light battery, high resistmwic, and microaieter was used to give an

indicati on alf electrical contact.

Vertical deflectionis ol' the body under load are of no conerni because

sIvt-tO-POFI)et locationl is referenced to the base pilate and symmetry of

cross section ib maintained to eliminate bending. Deflection of the

base plate occurs as bending with the( application of poppet loads.IRligid bolting to the body and the 1.72-inch thickiiess Jmt the bending

at the 3000-pound load level to approximately 15 microinches. This is

an insignificant anounit. wheni considered as it distortion of the base

tending to raise the ediesi by thiis amount but niot chianig the bawi~c

referenice dimension betw'een the bottom of the plate and th~e test seat.

f The four base plate to body bo'lts were torqued to 150 in. -lb which pro-

duced approxi mate ly 2000 pounds preload per bolt. This represented over

2-1/ /1 times the 3000-pound potential load to prevent plate-to-body

separation.

C en cen ,,'i r ity -and An tiro tat.i onl. When i epi acing the test p)oppet or seat

after i,;jspection or for c'lewiing, the angular and ra~dial relatioiiship of

thepatsz nrs be uzncIhaige- so that duplicate test conditions May be
observcd. Ta achieve this control, the tetst poppets were provided with

a V-groove which was located. to the piston through a retaining ring with

a set screw. The piston, in turn, was oriented to the tester body

* through the retuining ring with a flexure device which prevented ;i'otary

motion while offering insignificewt, axia~l force. The test seats and

tester body base were witness warked permitting orient~ation withini

0.003 inch at the 1.5-inch OD. Concentricity and clearances of the

fixture details were controlled to maintain less than a 0.003-inch total

eccentricity between the seating diameters.
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(:yVclin

lkyiamic loading aid cycling of test poppets i tid acats may be accomplished

by the prieumaiic piston pressurizing system. Control pressu. e applied to

thu- yiston provides the closing force with impact levels dependenit oil tile

viscosity of the hydraulic film centerinp fluid mid the rate of applica-

tioni of control pressure. Opening is provided by venting the control

pressure while maintaining a positive pressure in the popper, cavit.

Test fixture provisions for dynamic testii~g were: (i) p~rovision foir a

O.250-inchi siorke in the piston aid. flexure, (2) rigid clamping of the

load cells to the test poppet to prevent fretting, (3) a rigid base plate

and heavy bolts to the body to prevent flange separation upon imflpnC

(4) lightweight clamps between test poppet, flexure, aid load cell to

minimize inertia loads into the load cells, (5) ,;train gage wiring and

cable construction to withstand impact and abr'asion, and ()cavity

closure to withstand a 50-psig pressure.

Contamination Control

Potential problems arising from contamination tire primarily a result of

the introduction of foreign particles inlt-o close-fitting clearances or

mating surfaces. This causes misalignmenit of critical surfaces, friction
and aosbyglln ewe the piston and body, and scratches, pits,

and defor4%tior i test seating surfaces. The main sources of contamiina-

tion are the assembly area, test fluid, pressurizing containers, and
plu~~d~in-m Cen3onpractice aad rigid assembly disciplines were the

only control for the first problem area while 2-micron filters were

planned for fluid control. (Subsequent test problems necessitated the

use of' I/2-micron absolute filtration for test seat gas aid film pres-

surant systvms.) A further aid to cleanliness was the use of easily

cleaned mfwtal-to-metal seal and tubing betweeii filter and tester.
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FABRICATION AND DIMENSIONAL CHECK

The critical details of the tester which control test data accuracy are
I

the body, piston load cell assembly, ajid model test poppets and seats.

The full potential of the tester can be used only if the critical dimen-

sions and characteristics of these details tire considered in the assem-

bly and test procedure. Following is a summary of the fabrication and

cACking of those itemF which determine the capabilities of the tester.

Body

Critical body bore and base dimeusio_ s affect the precision with which

the test 'poppets and seats are held in alignment. Final sizing of the

bore was accomplished with a cylindrical lap which was ionger than the

body to develop scraightness. Its diameter was checked with a Sheffield

air gat.ge by comparing the body ,-ith a standard test piece having a bore

size known within 5 microinches. The completed bore diameter was

1.50012) inches throughout the center section with the end opposite the

load cells (top) 4O --icroinches greater, tapering for a 0.7-inch length

to the first relief groove. The load cell end of the body was 20 micro-

inches larger than 4ne center.

Checking for roundness was conducted with the Sheffield air gauge and

supplemented later with a Merz electronic indicator when checking nor-

mality of the bore with respect to the base. No d-Vitof'o .-

ness could be found so it is assumed that any deviation from a true

cylinder was less than 10 microinches, the estimated accuracy of

measurement.

Straightness of the bore wau checked with a manidrel and later by air

bearing performance using the tester piston. The mandrel Uas chrome

plated, ground, and cylindrically roll and ring lapped to provide less

than 20 microinches of clearance with the bore. Lubricated with lanolin,
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the body would drop over this mandrel under its own weight with no ob-

served tendency to drag or interfere as the end of the mandrel passed

over the shoulders alcng the bore. This performance was checked with

the mandrel rotated to five or more different positions relative to

the body.

Surface finish of the bore was not checked accurately, but may be as-

sumed to be on the order of 4 microinches AA.

The base of the body was checked for flatness and normality to the bore

by the use of an optical flat and the Proficorder, a recording stylus

instrument, in conjunction with the Merz height indicator.

Flatness checks of the base shoved a concave condition with the center

approximately 6 microiuches lover than the edge, and over-all flatness

within this. Normality of the base was checked by rotating the body on

the Proricorder, base up, and simultaneously indicating base and a 5-inch

length of the bore. Multiple setups to verify repeatable accuracy of

readings showed an average normality deviation of 10 microinches in 5

inches (Fig. 20 requirement was 50 microinches in 5 inches).

Piston

Finishing of the piston to the required tolerances presented problems

originating with the extremely hard aluminum oxide coating on the OD and

the relatively small surfaces on the cell locating pads which required

the minimum dimensional error. Sizing of the OD was the first step and

was accomplished by cylindrical grinding and then roll lapping. After

grinding the OD for approximately one-half of the length, the part was

reversed for the remainder of the operation to provide maximum rigidity

and allow grinding the end faces of the load cells. Roll lapping with

rolls longer than the part improved surface finish, straightness, and

over-all taper characteristics. The 0.0002- x 1.5-inch-long film
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centering tapers were hand lapped using diamond compound with a stick

lap. Control of the runout of the taper at the OD was maintained by

masking the OD. Checking this runout after completion to within 0.010

inch along the length was no problem because the difference in surface

appearance between roll and stick lapping provided a distinct line.

Measurement of all diameters and tapers for size and uniformity was

conducted with a Johansson Mikrokator,and inspection of roundness and

over-all straightness was accomplished with the Proficorder. The three

load cell end faces were simultaneously finished by hand lapping to pro-

duce flatness of the individual faces and approximately a 4-microinch

AA surface finish. An optical flat showed individual flatness (to within

approximately 0.001 inch of the edges) to be within 4 microinches and

all points to be within 20 microinches of a common plane.

Checking the normality of the common plane established by the load cell

end faces with respect to the OD was done with the Proficorder. The

piston was set load cells down on an optical flat which was placed on

the Proficorder turntable for measurement. Inspection traces were then

made at various points along the piston OD and tapers. These records

indicated surface profile (deviation from roundness), straightness

(centerline deviation from a straight line), normality (centerline de-

viation from perpendicular with respect to the common plane established

by the load cell end faces), and orientation of the centerline deviation

angle with respect to the individual cells (which cell was long or short

to produce the deviation from perpendicular). Several measurements were

made to verify the results and indicated the following:

Roundness. Maximum deviation from a true circle was 20 microinches with

a profile of a wavy nature having hills and valleye running parallel to

the axis. Average distance between hills (measured around the circum-

ference) was approximately 0.13 inch at eanh end with the center section

of more random nature but predominately abolit 0.25 inch between hills.



Straightness. Maximum deviation of the centers of th- top, center, and

bottom diameters from a straight line was 3 microinches.

Normality. MaxinnAm deviation of the common centerline of the top, center,

and bottom diameters from perpendicular with respect to the load cell end

iace plane was 10 microinches in 5 inches (Fig. 20 requirement was 50

microinches in 5 inches).

Orientation. Cell No. 3 was shorter than the others by approximately

2 microinches, which is small in proportion to the surface profile de-

viations in the faces.

Additional traces taken at different points along the film-centering

tapers indicated that stick lapping had iucreased the waviness character-

istic but had not developed any significant eccentricity. The uneven

profile did, however, while in test using a pressurized fluid film,

:create an effective eccentricity in the tapered areas. Partial correc-

tion of this was made by relapping lands and tapers with ring-type laps

to improve roundness and increase the amount of the taper. The final

profile resulted in lands round within 5 microinchLs and taper round

to within 10 microinches. The top taper was 0.0006 to 0.0007 in 1.5

inches and the bottom taper 0.0010 in 1.38 inches with an additional

0.0005-inch reduction in the last 0.12 inch next to the relief groove.

No evidence of eccentricity between lands, or tapers and lands greater

than 10 microiches T.I.R. was noted. Final Mikrokator readings on the

land diameters indicated:

Bottom land (at load cells) - 1.4998b5 inches

Center land - 1.499935 inches

Top land M 1.499920 inches

124



Poppet avid Seat Test Models

Test model poppet and seat details are shown in Fig. 21 through 23.

Figure 21 details the near-sea ed test seat as used. Figures 22 and 23

:represent blanks on which finished seating surfaces (Table 6) were

prepared.

Part No. 99-556527-31 with a seating land 0.060-inch wide and 1.000-inch

OD incorporated nine 0.005-inch-diameter holes for recording pressure

distribution throughout the seat area. Hardness of the material (440 C)

posed a drilling problem which was solved by the use of electrical dis-

charge (Elox) machining. The 0.005-inch diameter holes were done before

heat treat or other drilling with only the OD semifinished and the drilled

face ground flat. Drills were 0.004-inch-diameter brass wire rotated in

operation, Hlole location was established by using a plastic sheet which

had been previously accurately drilled on a jig borer type setup using

conventional drills. The holes were drilled deeper than reqired on the

finished part to provide finish stock on the seat face and allow drilling

from the opposite side to establish the final 0.005-inch-diameter hole

length. After heat treat, the OD, ends, and seat profile were ground to

provide hole locations accurate to within 0.001 inch of true position.

Hole diameters check 0.0051 ±0.0003 inch (8 of 9 holes), and rounding

of the corners intersecting the seat does not e.-:cued 0.0005 inch as

observed under the Lietz interference microscope.

DEVELOPHM

Load Cells

A major development program was conducted to establish the load measure-

ment system best euited for the application. Model load cells were

fabricated using material identical to the poppet, ground to maintain

the same active croas section, and tested using various arrangements of

semiconductor and conventional strain gages.
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Semicorductor Strain Gae. The semiconductor strain gages evaluated

were supplied by Microsystems, Inc., and installed with the assistance

of their engineering personnel. The installation considered most effec-

tive used a matched set of temperature-compensated gages (P/N DC6A7-16-350).

This provided four active elements (2 each on 2 opposite faces) which were

wired to jive, at no load, a nearly balanced Wheatstone bridge. Tempera-

ture compensation of this gage through a 100 F range is provided by using

active elements which have positive and negative gage factors. Changes

in length of the active section caused by temperature create no resistive

imbalance, while changes in length as a result of load esbentialiy double

the change in individual element resistance as it is observed across the

bridge. Mounting pairs on opposite faces, and in the same plane as the

primary bending modes, tended to minimize the effects of bending loads.

The arrangement provided approximately a 10-millivolt output. for a 30-

pound load when using a 6 -volt battery for energizing and a potentiometer
','or exact balancing and zero adjustment. When applied directly to the

input of the recorder, this signal gave full-scale deflection correspond-

ing to a sensitivity of 0.3 pound per division (line) on the recorder

chart. High load capacity also was ensured because the 3000-pound de-

sign load for the cell strained the elemen;ts to approximately one-third

of specified capacity.

Problems were noted in this system when it appeared that the effective

change in remi"tance of an eIement, produced by a small (0 to 5 pound)

load, was of the same magnitude as that created by the changes in tem-

perature resulting from self-heating at these low power levels. Small

changes, induced by load (application of 1 pound) or temperature changes

(a finger touching the loading face of the cell momentarily), created a

cyclic-type variation iu output which took 20 or 30 minutes to stabilize.

Instability under zero load conditions appeared to be worse than while

under load. An attempt was made to improve this condition by installing

a permanent resistor in series with one element, which would provide a
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more nearly perfect balance under zero load. (Installing a compensating

shunt in the external circuit was also attempted, but with no significant

improvement.) Opening the bridge circuit and adding 8.8 ohms to the ini-

tial 350 ohms of one element was performed at Microsystems, lnc., which

produced a resistance balance within 1.0 ohm. Some improvement in per-

formance resulted, but was of a small order.

Some further improvement was gained by using an a-c energizing voltage

of 5 to 10 volts at 10 kilocycles. Cyclic instability was still preseint.

A typical test snowed tha after application of a 1-pound load, output

would drift to as much as 50 percent above and below the applied load,

eventually stabilizing after 15 or 20 minutes. Some cursory testing at

loads up to 30 pounds showed similar characteristics, but to a lesser

degree. The need for a stable zero load reference in tester calibration

kept development of the semiconductor-type load cell concentrated in this

area. It appeared that further improvement in stability and drift char-

acteristics could only be made by more sophisticated electronic circuitry

or an improved semiconductor sensing element. It was theorized that an

electrical system could be devised to maintain a constant current in

individual elements and eliminate variations in self-heating. The use

of an improved semiconductor was also suggested by Microsystems, Inc.

Either design, however, required more development time than was avail-

able for this program, so the semiconductor method was dropped in favor

of conventional strain gaging and appropriate additional equipment.
U

Conventional Strain Gage.

Preliminary. Details of the conventional strain gage arrangement

and wiring diagram are shown in Fig. 20. The units are attached to the

tester piston legs with a heat curing epoxy bond after initial lapping

of the piston OD, tapers, and end faces. (Final piston lapping was

accomplished after installation checkout and calibration of the strain

gages.) During preliminary testing, hysteresis appeared to be a problem

but was virtually eliminated by curing the load tell epoxy bond for

2-1/2 days at 300 F.
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Conversion of load induced strains to !4v, electrical signal involved in-

corporation of the active strain gages as one leg of Wheatstu'!,e bridge

circuit aid recording the change in resistance produced by a chalge in

load. Temperature changes anticipated in normal operation, however,

produced apparent strains on the same order of magnitude as the 1- to

2-pound load accuracy required in the low load range. This phenomenon
was moderated by the a 1-cation of a reguluted a-c voltage (10 volts,

3 kilocycles) as the reference voltage across the Wheatstone bridge,

which produced a stabilizing power level around which the lottd c~ill

operated. Mechanical loads applied to the cell then produced a modulated

output which was amplified, demodulated, and the d-c signal fed into the

IAN Recorder to produce a load reading.

To maintain stability a Consolidated Electrodynamics Corp. (CEC) high-

frequency power supply was used for the 10-volt, 3-kilocycle reference

voltage, and a CEC 113-B system for amplification and demodulati.oni of

the load cell output signal. The entire system, including the &N

Recorder was powered through a Sola 115-volt regalatinZ transformer.

Load Calibration. Weig,ta (up to 100 pounds) were applied by means

of a sling, which applied the load through a steel pointer rounded to

approximately a 0.030-inch radius. A loading plate was made from 0.020-

inch-thick C&IS sheet, using punch marks for loading points, which located

the sling pointer consistently within 0.010 inch of the center of any

cell loading face and distributed the load over approximately a 0.060-

inch diameter to prevent d&mage to the loading face. Test weights were

checked on an Ohaus 5-pound-capacity balance having an accuracy of 0.001

pound, and 0.005 pound at 10 pounds. Maximum error in weight combira-

tions amounted to 0.060 pound in 100 pounds, or 0.06 percent of the

applied load.

Loading to 3000 pouade was performed on an Instron testing machine. As-

surance of load application was somewhat in question at loads below 2000

pounds because the center of load application of the Instron device was
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unot knowni better thanziroximately 0.15 inch. This problem was eliminated

between 209- and 3000-pound loads by using a 0.005-inch-thick briss shim

on the cell l,)udinJg face. Visual oUservation of the clearance betweeni the

Instron loading ram and the two free celis at, loads ov4-r 2000 pounds pro-

vided mi accurate refereivce of load centering. YiOldin !, of the brass shim

was reflected as tipping of the poppet under load id thI liatiiUg ,_'lmige
in clearance at the two free cells easily detected. Accuracy ot the

lnstroi machire was within 13 pounds at this level, and so calibrating

loads bqtween 2000 and 3000 pounds were accurate within 1 percent ol

applied loaO. Calibrating resistors for the load col) system established

in tais manner introdu.'e errors by not being exactly matched to cali-

brating loads and by the necessity for chaniging range on the amplifier

system. Hlowever, accuracy of lhe system in use was cotiinually monitored

in the tester by reference to known pressure loads, ad may be taken as

well within 5 percent of applied load.

Final Load C(1l Checkout. Checkout of the load cell system was performed

with the piston removed from the tester to measure and define the follow-

ing characteristics:

Zero Output Stability. With no load on the cells, rocjrder output

was observed to determine drift characteristics, Stability was good

for the high load ranges (100-, 300-, 1000- and 3000-pound ranges) where

variations less than 0.5 percent of full scale were observed over 1/2-

to 1-hour periods. Zero drift, when on the 30-pound rwige, Vas as much

as 0.2 pound over 1- to 2-hour periods.

Zero Repeatability. With tle application and removal of load, re-

corder output was observed to determine repeatability of zero load indi-

cation. Repeatability for the high loed ranges was better than 0.5

percent of full scale. Variations in zero load, when on the 30-pound

scale up to 0.2 pound were noted.
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Sni tIi it. With the application cuid removal of small load-4, the

ability of the system to accurately resolve the change wa,3 rhecked, indl-
caiig ha ltd hage 0  .3pecet ffull scale (0. 1 pounid on the

30-pW3Alid ranige) may bc detected.

Em itc (Linearitv). Ability to liccur.etely record load changes

upon app~lication or removal of knoown loads was observed. Maximum individ-

ual ce'l devia~tion at the most sensitive (30-pound) rauge is showni below

wiith the noted accuracy applied to all, ranges.

Appl ied Load Full Scale Applied Load
Iod Reading, Error, Error,
pounds pounds percentpecn

5 4.85 0.5 3.0

10 9.92 0.3 0. 8

20 19.76 0.8 1.2

3N, 29.85 0.-5 0.5

Extraneous Signal Sensitivity. With no load on the eells at the

30-pound range, chaniges in rccorder output were obaerved as a result of

grasping or moving connecting cablen and coImpoitents or bringing uitli

objects near the equipment. No effects could be observed from the above.

uikewvise, during the course of calibration anid sub.-eqiuent tester opera-

tion, -there were no noticeable changes observed when operating near elec-

tric motors or appliances.

Temerature. With no load ou the cells at the 30-pound range,

changes in recorder outpujt were observed when the temperature of the

cell was changed by grasping with the fingers or layin~g metallic ojects

ou the cell load bearing surfaces, The time required for return to a
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stable output was the characteristic checked as well as any shift in zero

point. The application of body heat changed the zero point as much as

3 pounds with as long as 10 minutes required for stabilization at the

original set point. Applying the weight loading plate or the test poppet

and locking ring assembly changed the zero point approximately I to 2

pounds with 5 to 10 minutes required for stabilization.

Calibration. The initial calibration involved establishing fixed

electrical resistors which could be installed in the electronic circuit

to simulate known mecbanical loads. These resistors, since they are not

subject to significant changes with time, were used for day-to-day cali-

bration of the load cell system. Resistances were varied until they

simulated load cell output noted under actual calibration load conditions.

The resultant calibrating resistors were accurate to within 0.5 percent

of their equivalent load. A check for stability of these resistors was

made after the first Pi weeks of operation. At this time, the maximum

change in output observed, which includes readout accuracy, was 0.7

pound at 30 pounds or 2.3 percent.

Switch and Contact Resistance Variations. Several switches and

frequently installed connectors were designed into the system which

created the possibility of erroneous output because of changes in cir-

cuit resistance. These included recorder cell and calibration resistor

selection switches and the pin and socket type connector used with each

calibrating resistor. Switching from cell to cell, selecting calibrating

resistors, and removing and installing calibrating resistors was re-

peatedly dene under load and no-load conditions resulting in repeatable

readings within 0.5 percent of full-scale reading on any range.

Piston Centering

Pneumatic Test. Extensive testing of the hydraulic piston centering

principle was conducted tc verify the capability of maintaining a radial

load on the piston without contact between piston and body. Preliminary
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results showed thet performance was not ait. pre dicted; therefore, special

testsS Were enrmdto support~ further mialys is and possile improvemen.

llewivk of' thie pi s tn taper 1 ,'ofile wais inidicated as; the Wisiwe!' to imiproved

perf oraii'e.

Tile iajor part of the development und testig was conducted with a second

lpj' '0f (s/N 2) while thle first, piqiton (S/N 1) was having tsirain gages

ins tolled aid tcstA~. Tfcsis weqre performied while .."VC 6surizi 11, each tapi r

independently wti vol 1 as with a. conmuioni press,,ure up lug niitrogen gas as the

pres3riti zing fluid.. Use of the 1/2-iicron fi 1tcr eliminated couteminati .ii

probi;-wz. Tcsting with the -test fixture ii. a horizoniiAl pouiitioii provided

a higkdy settaitive means of detceting pi stoni-to-body contact. Special

componexits fabricated for test purposes included a pressurizing tube in-

stalled ir. the tG1. of the piston extending through the tester cap and a

Set of 1) lvs for the top cross holes in the piston. This6 alilowed inde-

pendent taper pressurizaLion anid, by taking height readings at the pres-

suriziii~g red hfnd loaJi c,,Us, anl indicationi of radial piston motion as a

futuction of pressure.

Aa indicatictn of the JuagjjLtv~de ofI the friction present when2 testing a,,.

a4n Iair bearing" was found by tilting the tester slightly from the hori-

zonital %nd noting when tCie weight of the piston would provide free ax~ial

movemen~t. Tilti.ng to '.'ess than 0.03 inch from the horizontA. -wa,- suffi-

ciepi:. to promotc axio.) movement 'with film pressua-c "floating" the pist-on

This represen~ts a coefficient of fricti n of less than 0.006. The fric-

tion for' e then, Using 3.6 pounds as the F11ISt on- u wi g IIL F -0 p dnga th e

raqial load, is lezs thani '.02 pourl.. (During prelkiminary testig, a

cursory test was made to check the decentering effect, oi lidraulic lock,

with flow tbr('ugh the tapero reversed. As predicted, friction was pres-

sent -itih the appiication of less tha~n I p)Sig and increased as pressure

waa incread.)

~Liz firsL teits (pistoDS/N 2) shaved that with bot.h tupers Pressurized

and tbit tester horizoutal. (1) the piston vas being forced against one

sidc ofl the 'core at All pressures, (2) the direction of axial wove.i,,iit)
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when checked with the Merz, changed as the piston was rotated but did

not change when the body was rotated to different positions, and (3)

filling anid py-Lasuriy:ing with SAE' 10 lubricating oil gave essentially

the same results. (Verification here of identical performance with

either gas or 'I as the film pressuranit justified the use of gas for-

the _"mainder of the tester eval~iationa program.) The following test,

with independent taper pressurization, sholwed 'that the top taper (at

the end opposite the load cells) floated the piston at pressures frow.

75 to 220 psi depending ulpoji piston notatlon, whilv the bottom taper

(next to th, load cells) forced the piston i.a the direction of cel'

No. 2 with the application of pres,,.re.

Conclusions drawn from this test were that~ p.,vssre aPplied to the to1 .

taper created a center-ing force proprrt."onal to th(e pressure which -Was

balanced at a point very necar the center of the bore. }'urt'.ivrmore, the

couple created by the pressure .acting on tue sealing land adjacent to

the taper produced a fio&ting piston at a), pressures. Pressure on the

bottow. taper, however, caused a force, wheni coupled with thc adjacenrt
sealing land, which produced cocking of the piLto yt l ressues

Proficorder inspection of the piston taper and seuliup land profiles

showed deviations from true roundness believed to be the source of the'

trouble. Waviness deviations7 from tru~e roundniess as greavt as 253m ri'u.'o-

inebes were presc-it in both the seal. laads antd tapers. The sealt I~wid

adjacent to the bottor, taper in p8'iicular had~ tu outstanding lo-v area.

(Thew!e d eviations originated irn cylindrical grindinig azid in s o me c a.3e s

may have been exaggerated by 'nish rol i lapping and harxi stick lapping

of the tapeys.)

The corrective actinn tahken Ito improve perfoizwice was! to rework the

tapers aro. sealing landb to improve roiundners an 1. at thE- L~kae ti,, J~ro-

Auce 'more C1E'Lraflce awd Taper. ,A cut-anid-try- procedure was used in an

attempt to eJilatte th2 significance of :'mpkoved rc)undniess vs addi tional

ckear. .nea and iaper. Ring lapping both sealing landq. and. tapers is
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credited with tLe most significant improvement, produciug a fi,iisheG

profile to within 7 microinches of true roundness. Increasing both

tapers aid the clearnce of the sealing lands at the ends a.lso improved

pirformaice. incorporating a series of 0.0005- to 0.0008.-iich wide re-

lief grooveu ink the center hltd did not help while increasing the clear-

ance at tle center land (reducing pistonx diameter) appeared to actually

increase the decentering forces.

Filt, centering performanAce mid radial load capacity after this series of

rework operations on piston No. 2 were greatly improved but did not meet

the desired performance reqoirements. Although the piston would float

with both tapers pressurized at interwediate stroke positions, contact

was made between the piston OD and body bore as the piston was moved to

within approximately 0.06 inch of the seated position With only the

top taper pressurized, the piston would float at al] positions but had

very little radial load capacity. Itwasassumed that the minor devia-

tion in roundness still remaining with some probable eccentricity was

magnified by the effeztlve shortening ol the distance between radial

forces as the tapers were increased.

At this point, it was believed that enough test data had been accumulated

on piston No. 2 to make it fea.sible to proceed with piston No. 1 which

had strain gages installed and tested. The performanuce of piston No. 1

was only slightly better than No. 2, therefore, the tapers and end lands

were ring lapped. The following. final dimensions resulhled in a compromise

between very nearly full-float-i-gIf- Capabi:lIt ies with both tgapers pres-

surized and the maximum radial load capacity with the top taper only

pressurized. (Pressurization of the bottom taper still created friction

when tue piton 'was within 0.030 inch of the sealed position.)

Bottom land clearance - 0.00024 Lo 0.00029 inch

Bottom taper = 0.0010 inch in 1.38 inches

Center land clearance = 0,00018 ixch

Top taper = 0.0007 inch in 1.5 inches

Top land clearance = 0.00012 inch
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Load Cajtij. TIhe decisioi to use the pi st, oi "as is" with Voly top-

taper pressurization at a saci if ice in side load ca'rying ability was

based on the urgeicy of pro ceeding with the test program aid tile low

load requirements for the first phase of the test program. Actual load

carrying capacity was not accurately checked but would support the weight

SoZ the piston with the test-r horizontal and pressurized. tt 100 psig.

Load carrying capaci i iticreaed wi ,h pr'essu'ire and wa es t imated to be

it: excess of 20 pounds applied at the load cells when pressurized to

1000 psig. This was considered satisfactory for the first phase of the

test program in which very near-parallel seating surfaces with no sig-

nificant side loads, were aiticipated.

At this point, it was concluded that the resultant radial loads developed

by the tapers were apprcacling a location near the large ends of the

tapers, or the center of the piston. Assuming that the decentering

forces are caused by an effective eccentricity between the two tapers

and the OD of tho piston the fact that they were close coupled as com-

pared with the len of the piston meant that an eccentricity on the

order of a few microinches was sufficient to cause metal-to-metal con-

tact at the ends of the piston. It is theorized that the accommodation

of high side loads could be provided by reversing the tapers (the present

piston could be replated to do this) which would locate the resultant

centering loads near the ends of the piston. An additional improvement

which could be incorporated in rework would include ring lapping the

OD before final sizing to provide better round-nvess and effective con-

centricity between tapers and ends.

Hydraulic Oil Assembly. Assembly of the tester with SAE 70 lubricating

oil for hydraulic film pressurization was a procedure requiring consider-

able attention to the elimination of contamination and entrapped air.

All detail parts were cleaned with benzine and blown dry with nitrogen

gas filtered with the 1/2-micron (Millipore) filter. Before assembly, a

quantity of SAE 70 oil sufficient to provide several refillings of the

supply tank was also filtered through the Millipore filter. This was

accomplished to minimize the clogging of the filter during future testing.
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Filling of the tester piston to body clearance spaces and ma:,ifolds was

conducted with the top cap and piston plug removed anid the fixture verti-

cal. As oil Nas poured into the center hole in the piston air was re-

moved by using a small diameter wire as a probe into the center hole in

the piston and the angular-drilled supply hole in the top of the body.

Bleeding of the supply system after installation of the piston plug and

the top cap of the tester was accmpli.shed by cracking the tube connections

between the tester and the supply sump. Verification of complete air and

contsmination removal was not positively proven but subsequent operation

.of the tester did not show evidence of either condition. Contimnuo's

monitoring of friction between piston and bore during the test program

indicated a continuous pressurized oil film and no indication of binding

caused by contamination.
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SURFACE FIN1SIIlNG OF MODELS

All of the test models evaluated in the program had either lapped or

lapped and polished finishes which typify the metal-to-metal valve seat

surfaces currently found on aircraft and missile components. Lapping

is a method of producing extremely uniform and smooth surfaces by means

of a charged lap (dry lapping) or a lap in conjuniction with loose abrasive

compound (we(, lappirg).

The actual lappiixg process includes a number of variables which are con-

trolled by the individual operator and must be evaluated in a subjective

manner. For example, lapping pressure, motion or the workpiece on

the lap and the amount of compound used are subject to variation in

individual technique. As a general rule, light lapping pressure and

stroking are conducted in a random fashioni so that the movement of the

part describes an ever-changing path. Frequent rotation of the part

also helps to even out the surface texture.

The object of this portion of the program was to investigate these

variables and techniques to better understand what is required to achieve

a given desired surface. It was intended that the surface roughless

parameter would be varied on test models while other parameters such as

surface lay, waviness, material, hardness, etc., were maintained constant.

PRELIMINARY FROCEIXJRES

The subject test specimezs were first prepared with a fine uniform grind

finish of obout 8 AA and were ma.xntained flat within approximately 2

light bands to mioiimize ihc amount cf stock to be removed during lapping.

Similarly, the seating and rear faces were ground parallel within 50

microinchas.
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The condition Af the actual lapping plates to be used was considered

next. To achieve the desired test surfaces, the lapping plates were

held between flat aond one heliuu light band (12 microinches) convex.

Plates deviating from this were refinished or relegated to rough lapping

operations. Accordingly, verification of an acceptable plate condition

was made before its use for test model preparation.

LOOSE ABI SiVE (WET) LAPPING

The theory of loose abrasive lopping is that roiling abrasive particles

wear the workpiece by occasional cutting. The abrasives are held in

suspension by a special lapping compound which is generally diluted with

kerosene or similar hydrocarbons. A feature of many abrasives is that

they wear or break down into smaller crystals so that a progressively

finer finish is obtained with continued use.

The texture produced from wet lapping is a multidirectional surface con-

sisting of uniformly random hills and valleys over the entire surface.

The surface may contain scratches although they are not the predominate

surface characteristic. Figure 25 shows a test part being lapped with

the loose abrasive technique. A measure of the quantity of compound

used in this technique can be seen in this figure.

The initial goal of this effort was to vary the surface roughness from

1/2 to 8 AA in .rentalnsteps while keeping the other surface param-

eters constant. The action of a variety of compounds on 440C steel test

. parts was investigated, bdfore defining a final finishing method; these

included aluminum oxide, silicon carbide, and corundum. The normal sur-

face rougbneas on a production 'apped part was 2 to 3 microinches AA

(0.03-incb cutoff) as 3apped with a 4,0C-grit alurinum oxide compound.

Unfortunately, semiu,,i-ofr surfaqes above this rougless level were very

difficult to achieve. The mf.jor problem withi the rougher surfaces was
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Figure 25. Test Part Being Lapped



the presence of scratches and edge rounding (or dub-off). Eventually,

uniform surfaces of 4 and 6 microinches AA were achieved using the 280-

grit corundum compound. Both surfaces were obtained with the same com-

pound but at different stages of compound breakdown. For surface rough-

ness below the 2- to 3-microinch AA level, a diamond lapping technique

was used. This operation produces a different surface lay than that of

the loose abrasive operation and will be covered in the discussion of

dry lapping techniques.

The test parts which were to be used for the evaluation of material

properties and gross geometry were prepared with the 900-grit aluminum

oxide compound. The various compounds used on the final poppet and seat

models including the polishing technique used are shown in Table 7.

DRY LAPPING

Dry lapping uses very little compound on the lapping plate. Diamond

compounds are generally used for this process although other compounds

could be used in this manner. The cutting action is caused by compound

embedded in the lapping plate with minute cutting edges protruding above

the lap surface. The cutting action will be the function of the particle

size and the degree of embedment.

The characteristic surface texture of a dry-lapped material is that of

multiple scratches on a smooth undulating surface. If the final strokes

are made in a straight line, without turning the part, a unidirectional

surface will result. All of the test poppets and seats lapped with

diamond compound had this type of surf-ace texture. These parts included

test models E, F, and G which were fabricated to evaluate the stress vs

leakaige relationship for ultrafine surface finishes. Diamond compounds

are necessary to satisfactorily cut extremely hard materials such as

tungsten carbide; therefore, the poppet of test model A was also diamond

.lapped.
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POLISHING

The surface finish on most materials after lapping has a dull matte

texture. To improve the finish and brighten the surface for inspection,

lapped parts are generally lightly polished. This polishing is accom-

plished by embedding a fine compound in a resilient lap. The polishing

operation realigns the surface texture, leaving shallow smooth-sided

troughs made up of facets inclined at small angles. Realignment of these

facets at nearly the same angle produces a highly reflective configuration

which is the visual characteristic of a polished metal surface.

The compounds used for polishing are generally very fine. For the test

poppets and seats, 1200-grit aluminum oxide and 0- to 2-micron diamond

compounds were used most frequently. The resilient lap used was bond

writing paper which was taped to a flat granite surface plate.

Inspection of the surface texture under the interference microscope re-

quires a reasonable degree nf reflectivity; therefore, most of the test

poppets and seats were lightly polished. The exception- were the 4 and

6 AA surfaces where a rough texture was of interest. Polishing of these

surfaces to a reazonable degree of reflectivity would have reduced the

roughness by as much as 50 percent.

One of the problems in lapping, and especially polishing, is the tendency

to radius (dub-off) the workpiece edges. The resilient lap tends to

apply greater pressure and collect more compound at the edges of the part.

This dub-off only becomes critical in narrow seat lands where the dub-

off is a large portion of the total land width. Control of dub-off during

polishing ie accomplished by using light even strokes and keeping the

polishing to a minimum.
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CIEANLNG

After lapping and polishing, all models were ultrasonically cleaned

for one minute in hot trichloroethylene. Final treatment consisted of

wiping with lint-free paper and benzene. None of the models were

passivated or otherwise treated before testing.
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MODEL INSPECTION EQUIPMENT, PROCEDURES, AND DATA

The poppet and seat model inspection data provide the measurements neces-

sary to correlate configuration with test and analytical. results. Be-

cause of the extremely small dimensions of surface profiles normally

associated with metal-to-metal valve seating, no one piece of inspection

equipment can provide a comprehensive definition of the surface in ques-

tion. For example, only a small indication of the actual three-dimensional

profile is obtained from a stylus instrument while optical devices give

a three-dimensional view, but for measurement purposes, cover a very

limited field. This results, to a degree, in a subjective interpretation

of raw data from several instruments to arrive at a practical estimation

of the parameters of interest.

Aside from normal inspection checks to indicate primary confoxmance with

drawing requirements, four additional parameters were considered to best

define the seating surfaces and preclude erroneous test information in-

put. These parameters were parallelism, flatness, surface texture

(peak-to-valley parameter, h; average asperity angle, p, nodules; and

scratches), and surface hardness. To obtain this information, several

types of optical, mechanical, and electromechanical measuring instru-

ments were used. The following paragraphs describe the specific equip-

ment and procedures employed to arrive at the final interpreted dimen-

sional results for both gross dimensions and surface profile as shown

in Table 8. Figaies 26 through 64 illustrate specific and typical plain

and interference microphotogrvphs and stylus traces used in compiling

Table 8.

MODEL INSPECTION EQUIPMENT

The inspection equipment used may roughly be categorized into three types;

comparitor, stylus, and optical. Each has certain advantages and limita-

tions, and the proper evaluation of these characteristics is necessary

to place the measurements obtained in proper perspective.
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l'igui-c 26. IeAt Model A$ beat F'igure 27. Tt'st tModu A, Sell
0.0065 x 0. 0065-lIncl lInterfercice 0.033 -N 0. 033-luch ] i'tcrferenwe
Photo P110 to Shiowinug ihIbI-Of f itud

Pressure Tap

Figure 28. Test Model A_ Poppet, F'igure 29. TestL Model lip Poppet,
0.0065 x 0.0065-in1ch Interference 0. 0065 x 0. o0(5-lIjcjl ] uterfevence
Photo, Cross Lay-iot1 )0Witg000- ihld

Pro 11ornterSty] us S9cratches
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Vi4:ure 70. T e- Mod . Seat, Figure ~] Te t >!(J(IC 1), Poppet
0*03x 0.5-Inch I III erI erelice 0.0(500065- ~ 1 aini Photo

Pho to Showing Dutb- f f Showing- ().0001 -Inch 1-d i us Pro-
ficorder Stylus Scratches

Figure '2. rest Model F, Poppet, Figure r. est Mjodjel Seat,
0.0065 x 0.0065-Inch Interference 0.006.5 x m.065-Inch Interference
Photo, Cross Lay Photo, Cross La., PnIi shedI

Preceding Page Blank
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Figure 3. Te-st Model I, Seat. Figure 57 Test Mode] F, Seat,
0.0065 x 0.005-Inch Inerference 0.96 .00b:-IncN it.erfevrenice

Phot'o, Cross Lay,' Same Location Photo With Lay Showing 0).000-
as Fig. 5)5 Except Wide Bandwidth Inch-Radius Profilorneter Syu

Scratches

Preceding Page Blank
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Figure '8.rest Model i., Seat, Fi aure 3(). Test Model F, Poppet,
0.053 x 0.053-Inch Interference o0j)o67 x 0.C065-Inch Interference
Pho to Photo, Cross Lay

Figure* 40. Test Model G. Poppet, Figure 41. Test Model G, Poppet,
0.0065 x 0.0065-Inch Interference 0.065 x 0.0065-Inch Interference
Photo, Wide Bandwidth Photo, Narrow Bandwidth Showing

Test Scratch

Preceding Page Blank
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.410

!'Igure !12. Test Model 11) Poppet, Figure 4.). Test Model 11, Seat
9.005 0.OO6-Inch lnterferice 0.'))x fJ.OT5--Inch Interference

Photo0 Photo

Figure 44. Test Mod e II Poppet, Figure 47). Test Model .J, Poppet

0.0063 x 0.0065-Inch Interference 0.065 x o.006:1-Inch Interference

Pho to Photo Showing 0.0001-Inch Radius
Proficorder Stylus Scratch

ppeceding Page Blank
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Figure !t(). Tr-.,t Model J, Poppet, Figuire '17. 1Lest Model TP Seait

0. 0065 x 0.00(;5-Inch Interfference 0.(-, XY (x U* 055-Injch Interference

Photo Showing 0.0005-Inch-ILad ius P'hot o S-'howing IDub-Off

Profi lometer Stylus Scratches

Figure '.Test Model K, Seat, Figuire !~*re.st Model K, Puppe)t,
o).oo6n x 0.0005-Inch Interference ( ' )()0(')7- x 0.0065-Inch Interference

Photor Showing 0* 0005-Inch-Raiius Photo Showing 0. 00075-Inch-Rai us

Pro fi i met er stylus Scrat ches Profi lometer Styliis Scratches
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Figvr- 50. Test Model K, Seat, Figure 51. Test Mcdel K, Scat,
0.0065 x 0.0065-Inch Interference 0.033 x 0.033-Inch Interference
Photo Across Circumferentially Photo

Polished Lay

Figure 52. Test Model K, Seat, Figure 53. Optical Flat, 0.0065 x
0.033 x 0.033-Inch Interference 0.0065-Inch Interference Photo
Photo Showing Dub-Off (lines and dots are from optics

flaws)

Preceding Page Blank
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Figure 54. Profiloweter Stylus, Fipare 55 . Proficorder Stylus,
0.0005-Inch Radius,0.016 x 0.016- 0.0005-Inch Radius, 0.016 x o.016-

Inch Plain Photo Inch Plain Photo

Figure 56. Profiv-order Stylus,
0.0001-Inch Radius,0.016 x 0.016-
Inch Plain Photo

Preceding Page Blank
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111i ati ng Con!par i tors

This type of istrxmeiit uses a fixed anivil mid vertically movable head

to spot check height variatiotis of a workpiece with referentce to a pre-

cisely knoWtn diiensJon. It practice, one or a mu1tiple stack of gauge

blocks is wrung to the ativil to provide the refere!nce height for zero-

setting the indi cator. The refereace s tack is then replaced by the work

piece which is wruntg to the utivil at discrete intervals uuidcr the iniidi-

cator head and height differences noted. Such a device is particuliarly

suitable for absolute height and parallel metsuremeits wjthin its accu-

racy capabilities. lowever, because the work piece must be wrung to the

anvil each time a new point is to be measured, a continuous indication

of surface variation is not possible.

The two types of comparitor, one n echaialeal arid the other electronic,

used iin fabrication and inspection of the test models are shown in

Fig. 65. The mechanical unit on the left is the Mikrokator made by the

C. E. Johatsson Gage Co. and is capable of difference measurements of

about 5 microinches. Because the parallelism requirement for botli the

off-seat (1-inch seating diameter) and on-seat (1/2-inch diameter) test

specimens was 5 microinches, the Mikrokator was used only during fabri-

cation and for initial gross inspection tests.

For final inspection, the electronic comparitor shown on the right in

Fig. 65 was used. This unit, the Micro-Ac. i s made by the Clevelmd

Instrumeiit Co. and can measuze surface deviations down to 0.5 microinch.

Basically a reluctance-type position indicator coupled with a high-gain

amplifier, the unit has the disadvantage of being quite temperature sensi-

tive at the higher gain (0.5-microinch) setting. For optimum results,

this type indicator must be located in a temperature-controlled room and

further isolated front drafls and operator body heat. E~ei, the act of

wringing small parts to the anvil adds sufficient heat to the workpiece
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to preclude instantaneous accurate measurement. During inspectioni of

tfhe test models, it was found that a 1.5- to 30-minute waiting period was

required after an initial workpiece setup to obtain consistent measure-

ments to the nearest microinch.

Stylus Instruments

Two types of stylus instrument were used in fabrication and inspection

of the test models, the Prcfiloteter and Proficorder both manufactured

by the Micrometrical Mfg. Co. The Profilometer (Fig. 66) is an electro-

mechanical device incorporating a piloter or tracer arm, displacement

head, and amplifier with meter output display. This unit, as well as

the Proficorder uses a standard 0.0005-inch-radius stylus tip (supplied

with a calibration plate) and t special 0.0001-inch-radius tip. The

Profilometer output is readily switched between AA and rms and can be

sct for 0.003-, 0.010-, and 0.0)30-inch cutoff values. As the displace-

ment head traverses the workpiece, the motion of the stylus generates a

voltage proportional to the height of the measured surface irregularities,

which is continuously averaged by the electronic system and displayed on

the output meter. Therefore, the Profilometer shows the variations in

average roughness height but does not indicate asperity configuration or

wavelength variation greater than the set cutoff value.

For direct. continuous surface irregularity measurement, including rough-

ness, waviness, and asperity angle variations with permanent information

display, the Proficoider was us.-d. Figures 67 and 68 show this instru-

ment setup for typical -neasurements. The indicating head is similar to

that of the Profilometer but the output, is prese~ited on a continuous

strip chart permitting more discriminate evaluation of surface conditions.

Unlike the Profilometer, the workpiece mounted on a rotating table moves

relative to the indicating head, permitting the use of this instrument

for flatness and parallelism measurements. Calibration of the Proficorder

indicated a repeatable response to a 50-microinch step input accurate

within 2 percent or 1 microinch.
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Figure 67. Proficorder Indicating Testzr Piston
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In using the Profilometer and the Proficorder, several sources of error

or extraneous inputs were encountered and evaluated. The first of these

is vibration noise inherent in the instruments used and from external

sources. The latter problem is a functioi of shock mouiiting and isola-

tion from ambient disturbances, Proficorder calibration checks indicated

the total noise level resulting from internal and external vibratioo

sources was less than 1 microinch.

For the particular Profilometer used during periods whet nearby machinery

was in use, an ambient-induced noise level of 0.7 to 0.8 microinch was

noted. Accordingly, data were taken when ambient vibration was minimal,

and continuous monitoring of this influenice was practiced to apply proper

corrections. in addition, this Profilometer exhibited a peculiar vibra-

tion phenomenon apparertly associated with the tracer system, which

showed up particularly at the 0.030-inch cutoff level. The first indica-

tion of this problem was an observed difference between rcughu.ess values

obtained on the extend and retract portions of the tracer cycle. To

evaluate this condition, an optical flat was used as a test specimen and

checkod with the 0.0005-inch-radius tip stylus. The results, as tabu-

lated below, were essentially verified by the 0.0001-inh tip stylus.

AVERAGE PROFILE VALUES IN MICROINCHES AT CITIOFF NOTED

Cutoff, inches 0.030 0.010 0.003

Extend 1.7 0.410 0.25
rms Retract 0.9 0.35 O.__5

Extend 1.7 0.35 0.25

Retract 0.8 0.30 0.25

Residual Vibration (AA) 0.25 0.25 0.20

Not only is there a marked difference in the extend and retract readings

at a 0.030-inch cutoff, but the readings are much higher than at the

other cutoff levels. The test optical flat surface profile has beein

checked on the Proficorder and the interference microscope (Fig. 53).

171



Both instruments indicate d total surface deviation less than 1-microinch;

therefore, the corresponding AA reading should be about 0.3 microinch or

below. Based on this information and the previous limitations imposed by

residual vibrations, it was concluded that readings below 1.0 Licroinch

for the 0.030-inch cutoff and 0.3 microinch for the 0.010- and 0.003-inch

cutoff are essentially meaningless for this particular Profilometer.

Only the retract values were recorded for the inspection data.

Profirecorder data on surfaces of 1 microinch AA (3 microinches peak-

to-valley) ania greater are considered sufficiently accurate. Below these

specified limitations, the interference microscope information was used

to define the test sur1ice.s.

The remaiaing stylus instrument errors considered apply to the stylus

and include contact stress and influences of tip radius and wear on

asperity depth measurements.

An elastic stress analysis assuming Hertz contact vas undertaken for the

0.0005-inch radius tip with a 2.5-gram load on hardened '40C stainless

steel (Rc64). The stress condition was well into the plastic region.

Next, assuming that the plastic stress level is 2.8 times the yield of

the metal, a simple plastic analysis was performed. The results of

the analysis are shown on the following page. The diameter (d), or

track width, is a function of the load only and not the tip radius.

This analysis indicates that a 1.76-microinch track depth and a 84-

microinch width would be made for the 0.0005-inch radius tip at the

Profilometer bpecification loading of 2.5 grams. An example of stylus-

caused surface damage can be seen in Fig. 45. Although visible, the

track depth (in thin instance from a 0.0001-inch radius tip) was not as

deep as the calculations would indicate. However, this could be attrib-

uted to a worn stylus tip. This assumption is substantiated by the fact

that there is very little evidence of plastic flow by the 0.0001-inch-

radius tip on the very smooth surfaces examined with the interference
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DIAMOND STYLUS TIP

/R
SURFACEZ

0.0005-Inch Radius 0.0001-Inch Radius

Pressure, Z, d, Z, d,

grams Microinches Microinches Microinches Microinches

.0.1 0.0704 16.8 0.352 16.8

1.0 0.704 53.0 3.52 53.0

2.5 1.76 84.0 8.80 84.0

wicroscope. While this analysis has shown that ,-cylus tips can and do

mark the surface a limited amount, it. is concluded that the basic surface

contour is followed by the sty'lus (except for deep pits) because of the

constant plastir flow depth noted in thcse instances.

Further analyses were performed to determ.ine the bottoming errors re-

sulting frim 8tylus tip radiu and wear. The bottoming error is caused

by the tip radius not being able to follow the asperity completely into

the valley. The following sketch illustrates this condition.
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R, INCHES

• ./-- DEtGREES

e, MICROINCHES

The bottoming errors (e) tabulated below have been computed using the

equation

C.R RW iCos 6560

Angle, * -~ Values of e, Microinches

degrees 0.0005-inch Radiua 0.0001-Inch Radius

1 0.076 0.0152

2 0,306 0.0612

41. 25 0.245

8 5.00 1.00

10 7.75 1.55

For the test models inspected (Table 8), the relationship of 4-and the

roughnesi height (h) are such that the errors tabulated above, though

significant, are minimal. Obviously, the 0.0OUl-i'Lch-radius stylus

results in greater accuracy and should be used when measuring fine or

very sharp surfaces.

A. worn stylus limits the depth to which the tip can enter a valley.

This can be seen from the sketch and calculated errors shown below.

Frqo the equation e d/2 tan 4, this error is independent of -tip

radius (d> 2 R sin 4),
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__ DEGREES

e, MICROINCHES / -/

Valves of e, Microinches
Angle ~,6
degrees d =50 x 10 , inches d =100 x 10 ,I inches

1 0.43b 0.872

4 1.75 3.50

8 3.50 7.00

12 5.30 10.00

Errors resulting from worn tips are appreciable, particularly at the

greater angles. Ihxring the inspection of the scratch configuration

(test model G), a discrepancy was noted between the initerference micro-

photograph and the Prof icorder data. Based oil the microphotograph, the

scratch depth was 31 microinches while the Prof icorder, with a 0.0001-

inch-radius tip, indicated 20 microincheft. Because the 0.0001-inch-

radius stylus was used, this discrepancy was not caused by a bottoming

error. However, it could have resulted from a worn tip because thte

scratchl wrin1,e uras 11 deres Mieropholiraphs of tip styvlii are shown

in Fig. 54 through 56. While the large flat on the worn 0.0005-inch-

radius tip is quite apparent, a 100-microinch flat with worn and faired

edges would not be readily discernible and could account for tile 10-

microinch discrepancy noted above.
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Optical Instruments

Several optical devices were used in the program for test model inspec-

tion and supplementary data. Included were the optical flat, interfer-

ence and plain microscopes, and the microhardness tester which is not

purely optical.

The optical flat Is used extensively for production operations where

gross flatness measurewlnts are required. It was used to verify over-all

flatness of all puppets and seats to within 6 microinches and was par-

ticularly usiful Zo' ,apidly measuring the cylindrical-shaped poppets of

test models 1i ajud I used in the out-of-flat stress leakage tests. Fig-

ure 69 show a typical use of the optical flat in measuring gross

flatness.

A Leitz interferevce microscope was used for more discrete flatness meas-

urements of seating lands and areas and fine finish evaluation. Figure

70 shows the unit with a Polaroid camera attachment for photographing

test specimens. This device may be used for plain or interference view-

ing and provides 100, 200, and 500 power magnifications. Surface texture

characteristics of all test surfaces were determined iin full or in part

through 500 power viewing. For evaluation of seat land dub-off and large

surface deviations, 200 and 100 power magnifications were used. The

interference microscope was extensively used throughout the test program

-and was invaluable in the definition of such items as scratch extent

vhere an area rather than line view is absolutely required.

Aside from multiple power magnification, the Leitz interference micro-

scope permits two-band pattern adjustments. First, the band dcnsity

across the part can be varied. Figures 35 and 36 illustrate different

band densities on identically magnified part locations. From the ex-

ample, it can be seen that the large scratches which are difficult to

meaure with a few bands are quite plain when the number of bands is in-

creased. Secondly, there is the capability of rotating the bands 360

degrees. This enables the observer to view the various lay directions

without moving the part.
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Figure 70. Leitz Interference Microscope and Test Seat
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For gross surface defect assessment and general low-power viewing, a 40

power Bausch and Lomb microscope was used. This unit provided excellent

naked eye assistance without complicating the viewed surface with minus-

cule defects and variations.

Test specimen hardness .-as determined by the Vickers test, using a Leitz

microhardness tester (Fig. 71). This instrument is capable of taking

hardness measurements with loads from 15 to 1000 grams. A pyramidal-

shaped diamond indenter having a depth-to-diagonal ratio of 1:7 was used,

and the diagonal identation width was directly measured through a self-

contained optical-recticule system.

Vickers diamond pyramid hardness number (DPH) is defined as the pressure

distributed over the contact area of the indentation. The mathematical

expression is:

P
DPII =

0.5393 d

where

P = load, kilograms

d = diagonal distance, millimeters

Because only the surface hardness was of interest, the indentation loads

used were 15 to 100 grams. The procedure used was to make two indenta-

tions and average the diagonal dimensions from each. Accurate measure-

ments on the test surface profiles limit the mininrm diagonal to approxi-

mately 10 microns (0.0004 inch); therefore, only the 100-gram data were

measured on the steel and carbide parts. Figures 26 and 28 show inter-

ference microphotographs of indentations at both loads. Note roughness

interference and also that the depth may be determined by counting inter-

ference bands but not as accurately as direct measurement because the

exact edge cannot be exactly discerned.
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Figure 71, Leitz Microhardness Tester and Test Poppet
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The hardness pressure may be used for an estimate of yield strengths.

The plastic flow pressure for fully work-hardened metal is approximately

2.8 times the yield strength (Y). Hardness values and approximate yield

strengths for each of the test model materials are tabulated below.

15-Gram 100-Gram Vickers Yield

Average Average Hardness Strength
Diagonal, Diagonal, Number, Criterion,

Material Microns Microns Kg/mm2  psi . 103

440C
Stainless Steel 15.2 800 406

6o6l-T651
Aluminum 15.5 40.0 123* 62.5*

Tungsten
Carbide 11.8 1330 676

*Based on 15-gram load

INSPECTION AND DATA INTERPRETATION PROCEDURES

In obtaining the inspection data presented in Table 8, certain procedures

and ground rules were used to obtain the best and most representative

values. These techniques apply to the physical measurement of various

properties and the information deduced from those measuremei ts.

Parallelism of the test parts was of particular importance during the

off-seat tests where poppets and seats were brought together within a

few microinches without touching. Here, seat displacement was measured

from the rear poppet face; therefore, deviations between the rear and

seating faces could introduce error. For the out-of-parallel tests, the

poppet faces were deliberately lapped out of parallel. In the latter

case particularly, parallelism was measured on the Proficorder in addi-

tion to comparitor checks. By wringing the test poppets to an optical

flat preleveled on the Proficorder table, continuous indication of the

parallelism characteristics was obtained with a 1/16-inch ball stylus

and the instrument set for waviness.
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Although gross test model flatness was meaeured with the optical flat,

the flatness of seat lands required special attention because one of the

problem with lapped and Polished surfaces was the tendency to radius the

edges of the part. This act-ion, commonly called dub-off, becomes criti-

cal in narrow seat lands where the dub-off w~y represent a large portion

of the land width. The interference microscope wa* used to assess this

condition in the seat models. Figire 34 is an initerference microphoto-

graph of test seat E which exhibits Lorsiderable dub-off. As a result,

the effective seat area was decreezed, an the seat stress was. propor-

tioxnally increased. Each al the'seat models~ tested wos examined for

dub-off and the stress area adjucted,4ccordingy- The criter'ion used

was that the permissible dub-off would 1,e x o greatte: thean the naximm

surface roughness. The inepeotion data (Table ,) howa that the "flat

land width" coluxkun, which is usel. i~a cciqp rting effectivo sent land area

deviates in some instances trom the valueS liated in the "total land

width" column,

The Prof ilogretRr data presented in Table 8,zr based on the arithmetic

averMage (UA) reading which hu~s supplanted the rms average. Though not

illustrated, rms readings were taken and found to be 1.1 to 1.15 times

hMigher than the Ak readings. Information ise tabulatee, Zo the 0,005-

and 04O -inch-radius tip stylus, In general the O.OOCI-inch-radius

t ip indicates some-#hat higher rvadings at all -,utof±f values Lecause nf

the,4eeper penetration nf the small tip.

The diamond lapped, surfaces (test modz~la B, F, and G) had roughness

readings very close to the previously noted optical flat value of less

than I microinch, indicating au extremely smooth surface. However,

interference microscope data taken on these same surfaces show that,

evnthuigh the surfaces. are very smooth, there is a definite dilforence

in each of the detail burf ace textures,

Of all the test idodel parametere to be measured, surface texture was the

piost complex. To simplily the process, the surface was first catalogued

b y the type of I ay (multidirectional, u~nid.;rectional, circumferenitial,
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or radial). This was followed by further reduction into roughness,

wavinessi, nodules, and scratches. There are other characteristics such

as pits and ridges, but those categories mentioned are considered to

have major influence ,n the stress vs leakage relationship.

The surface texture parameters of Table 8 represent a composite reduction

and interpretation of Proficorder and interference microscope data. The

previously noted errors and limitations of the Proficorder were con-

sidered, and appropriate corrections werc applied during evaluation of

this particular information. All Proficorder traces (Fig. 57 through 6A),

were taken with a 0.0001-inch-radius stylus tip and across the prevail-

ing lay where possible. For best resolution aid to minimiz£ point-to-

point stylus skip, the slowest possible table spped was used. However,

as workpiece motion is rotary, the surface speed varies proportionally

with the measurement diameter, thus accoumting for the different linear

displacement calibrations. In general, the Proficorder information was

most helpful in the evaluation of the multidirectional textured surfaces

and supported the more qualitative interference microphotographs. How-

ever, for assessment of unidirectional surfaces, the interference micro-

scope provided the most direct approach. The multidirectional finish

of Fig. 26 results in poor definition as compared with the cross lay

view of Fig. 36. There exists, therefore, a fringe area (very smooth,

multidirectional surfaces) where the accuracy limits of the Proficorder

and iudefinite resolution of the interference microscope particularly

necessitated subjective interpretation.

Figures 26 through 56 illustrate surfaces as viewed through this instru-

raent. These microphotographs have been cut to the definite calibrated

size described in each figure so that the photos may be scaled to obtain

specific dimensions. Approximate magnifications are:

1. 0.0065 x 0.0065 = 462X (50 x objective lens)

2. 0.016 x 0.016 = 187X (20 x objective leis)

3. 0.033 x 0.033 = 91X (10 x objective lens)
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In addition, the microphotographs have generally all been oriented such

that the top side of the interference bands represent the surface pro-

file, and therefore, scratches appear fs V-grooves that poini downward

(Fig. 36 and 4V.

To consistently evaluate the surface profile input data, the following

distinct parameters with resolution liwts were established:

1. Roughness

h - 0.5 microinch and above

= 0.1 degree and above

2. Waviness

h = 0.5 microinch and above

) 1.0 and below

3. Nodules

h = 25 percent above the maximum peak-to-valley roughness (h)

- no confines

= 1 percent and above

4. Scratches

h = 1 microinch and greater which occur below level of surface

roughness (or waviness)

* = no confines

=~ I percent and above

These ground rules were established for both Proficorder and interference

microscope inspection data and, in general, reflect the practical limits

for obtaining these data. (For example, h values cannot be resolved any

lower than 0.5 microinch on either instrument.) An overlap is provided

for roughness and waviness angles () because these two categories merge

into each other, and a finite division cannot be wade.
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EXPERIME14TAL TEST PROGRAM

The experimental program was designed to support the leakage and seating

analyses, and to provide design data where an analytical approach wits not

possible.

A basic objective was to identify the various surface parameters con-

trolling leakage for the specific model pair tested. This was not possi-

ble in all cases; however, the detail dimensions obtained in Table 8 will

provide insight into the mechanism of leakage indicated by the test results.

The experimental approach taken was to initially study near-seated valve-

seating parameters so that the leakage and pressur7e distribution analyses

could be verified. The near-seated region was thus defined as that sepa.-

ration from the seat which encompassed a complete transition through the

various flow regimes (Leakage Flow Analysis). The capabilities and

problems associated with the tester would be uncovered and corrected at

this time. It was only through a thorough understanding of the tester

that its influence on the seating characteristico could be determined.

In addition, the precise linear measurements required fur near-seated

testig were intimately related to the tester and its instrumentation.

Following the near-seated tests, the on-seat tests of the various models

were conducted.

EXPER1E.NTAL TEST SETUP

The poppet and seat tester was set up in an enclosed t.ewperature-controlled

room that contained all of tht. necessary pressure-, flow-, and linear-

measurement devices to coipduct seating tests, and microscopes for visual

surface inspection. Other surface inspection equipmen4 was located nearby

so that measurements could be made when necessary. Figures 72 through 75

show the tester and associated instrumentation. A schematic of the test

setup is shown in Fig. 76.
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Figure 74 .Interior o.f Tester
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Linear Measurements

The tester was located on a granite surface that was emooth and flat

within 25 microinches. This surface was used as a reference datum for

all height measurements. The height readout instruments used were the

erz electronic indicator gage (Fig. 73) and the precision micrometer

screw and scale, which was a part of the tester (Fig. 20). The scale

reading was used to indicate poppet position, and the Merz was used for

backup and calibration and to determine poppet. and seat parallelism and

deflection.

Zero position, or contact indication, was by an electrical signal sup-

plied by a microamieter. The tester piston and poppet was electri(ally

insulated from the seat. A 1-1/2-voit battery in series with a 1.2-

megohm resistor provided a source of electrical energy which did not

visibly (500X) pit or burn the surfaces.

Pressure Measurement

The tester was connected to a complex of pressure gages to provide a

range of inlet and load-control pressures. Heise gages (b00 to 1000

psig), 0.1-percent accurate, allowed for ai extended range with u negli-

gible loss in measurement accuracy. To prc.'ide accurate differential

measurements, all gages vere parallel connected and calibrated against

one Heise gage.

ydraulic Film System

This was an auxiliary system used only to provide centering film pressure

to the hydraulic piston. A source of gas pressure was connected to a

small reservoir (10 cu in.) wnach contained SAE 70-weight oil. The oil

waz filtered through a 1/2-micron absolute membrane elewent before enter-

ing thc piston (Fig. 76).
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Load Measurement

Load measurements were obtained from the Leeds and Northrup recorder and

load cell system or the piston area controll pressure relationship. In

both cases, compensation for the weight of the piston and inlet pressure

vas necessary when determining net seat loads. For the load cells,

compensation was accomplished by proper zero-setting. The following ex-

pressions were used to compute apparent seat stress.

FI + F2 + F3 -PIAe P A + W- P Ae3 le _ cp l
A A
s 5

where

S apparent seat stress

F = load cell force readout for cells 1, 2 and 3

P = inlet pressure, psig

A = poppet effective area, sq in.
e ,

A = seat land area, sq in.
tS

P f piston control pressure, psig

W piston assembly weight, 3.65 pounds

A piston area = 1.767 sq in.
p

For the on-seat tests, it was easy to establish the balance piston con-

trol pressure for each seat at a given inlet pressure. This pressure

was determined by balancing piston control pressure force against inlet

pressure force at zero load contact. The piston weight and inlet force

are thus cancelled and apparent seat stress is

PA
S =f c-A

where AP is the increase in piston control pressure above th balance
C

pressure.
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Gas Pressure Feed

Bottled gas was the source for the high preesure that was required to

perforu the various tests. Because remote control was not required,

bottle regulators were used to control the 2300-psig gas from 0 to 1500

psig. Pressures within 0.5 psi could be maintained manually using the

Heise gages for readout. All of the gas was filtered bcfore using it in

the setup (Fig. 76).

Leakage Flow Measurement

Because of the importance of the le°kage flow measurements, several de-

vices were investigated for low-rate leaks before s lecting the bureta

systems indicated in Fig. 76. Of the two systems evaluated in detail,

the first was the conventional method of introducing the leak throtgh

water-at the base of an inverted buret to displace a colum of water.

This is satisfaictory and accurate for larger flows; however, leakage

measurements under 0.1 scim require snmll bore tubes to obtain readings

in a reasonable time, and when used in the above manner, large gas bub-

bles tend to stick at the base of the tube. Reducing the diameter of

the gas bubbles by a small-exit orifice helps to attain the measurement,

but this causes back pressure on the leak which must be overcome before

a stablc reading can be taken. In measuring small leaks, positive or

negative pressure differentials cause extraneous leakage resulting in

large errors.

The second method, which overcomes these difficulties was successfully

employed for low-rate leakage testing. The gas leak was introduced

through a modified buret stop cock valve at the top of the buret, rather

than bubblivg it tirough the water. A leveling bottle connected to the

base of the buret provides a control of both the level aid internal

pressure after introducing the leak. By dropping the height of the bottle

to match the level in the buret as the leak volume iticrease, the pressure
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differential in the system can be maintained negligibly small. Capillary

effects may be cancelled by determining the differential heights of the

two water levels at atmospheric pressure and maintaining this difference

throughout the timed run.

Examination of the equations that coriect f or water head, vapor pressure,

and aabient conditions for the conventional system and leveling bottle

show the advuntage of the second method. These expressions assume a

coristant temperature.

Conventional.

T P [PLV'(hlh)1V( a L 2 h2

LevelipA.

3.66 A V(P a P)T

.where

C. - standard atm~ospheric pressure, psia

P =atmospheric pressure, psi~a

P -vapor pressure QI water at temperature, psia
v

li water level head, inches

V1 initial volume in buret, cc

A V change in volume~ as a result of leakage, cc

I gas temperature (assumed equal to v.at~r tempersture), Rt

- stundad atmospheric teW ertu~re,U
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t = time, seconds

Qs - leakage, scim

Pi - liquid density (with water used) lb/in. 3

The leveling system requires fewer corrections. Investigation of errors

in leveling indicates that they can be made negligibly small. This is

accomplished by taiking continunus readings to cancel ,ot, mlr fact. tension

effects, and by maintaining the total leakage volume at, not more thmi

1000 times the amount of the leak. The second consideration stems from

the precision with which the two levels can be observed and maintained

during test. The leveling error as a result of the volume consideration is

P Ah (VL + A V + V1 )
Error =

(Pa v + PL Ah)AV

where A h is the leveling head error and V1 is the total leakage volume

external from the buret. This relation indicates that, within visual

leveling capabilities there is a minimum leak volume, AV, which can be

measured for a given error and total volume (VL + V1 ). For the 23 cu in.

volume enclosed by the tester cover, the minimum leak volume, AV, for

a 5-percent error (0.02-inch A h reading error assumed) is 0.023 cu in.

or 0.38 cc. Thus, for a 1-minute test, the minimum rate is 0.023 scim

which is 1/1000 of the total volume. To allow lower rates to be meas-

ured without increased time, the external leak volume was reduced by

placing at 0-ring seal between the poppet aid seat. A 0.04-inch-diameter

brass tube was inserted through the sea] which, in turn, was connected

to the buret via 52 inches of small-diameter (0.038-inch ID) plastic

tubing. The volume of this system, external to the buret, is less than

0.1 cu in., thus for a 5-percent error only 1 x 10- cii in. or 0.00164 cc

leakage need be captured. This volume was increased to 0.005 cc during

'tests to compensate for surface tension errors induced by film contaminate

inside of the burets and initial buret volume, V1 .
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Four precision burets were used to cover the low range of leakage; these

were 100 milliliter for the conventional method (bubble under) and 10,

5 and 1 milliliters for leveling. The 5 and 1 milliliter tubes, having

fine graduations of 0.01 and 0.002 milliliter, respectively, were pre-

dominately used. The larger tubes were primarily used to calibrate the

low-range, ball-float Brooks rotameters which covered leakage from about

0.1 to 110 scim. Standard laboratory calibrations from positive dis-

placement meters were used for the high-range rotameters which covered

flows to 1I scfm nitrogen.

Temperature Measurement

Room temperatures were constantly monitored with two ordinary thermometers.

Inlet and outlet gas temperatures were indicated with thermocouples and

an Alnor millivoltmeter pyrometer. Except for a minor drop in inlet gas

temperature during high off-seat flow, all temperatures remained within

65 to 75 F. Temperature control was more than adequate to neglect correc-

tion for flow; however, the precision of the linear measurements was de-

cidedly affected and, while the temperature was not critical, its variable

affect during off-seat flow on spacing had to be considered.

ASSEMBLY AND GENERAL TEST PROCEDURES

Operating the tester and associated equipment required observance of a

number of procedural steps to avoid damage to the seating surfaces and

also to ensure the validity of the parameter being tested. Very often

tests were performed and theories evolved to explain the results only to

later find that other variables in addition to the one under evaluation

had influenced the experimental results. Consequently, almost all tests

were performed more than once to ensure repeatability and allow a thorough

definition of the 'est parameters.
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Poppet and Seat Assembly

Tile primary consideration in assembly of the test poppets aid scats into

the tester was contamination. The seat being placed into a recess con-

taining a lubricated O-ring posed the most difficulty. The part was

first thoroughly cleaned with either trichloroethylene or benzene and

then lightly lubricated Qn the OD which allowed easy insertion into the

body cavity. To ensure positive bottoming, the seat was hand forced into

the base plate, which coniains a number of fine radial grooves, and simul-

taneously rotated through at least 90 degrees before indexing to a set of

scribe marks. Contaminants were thus wiped off the mating faces. With

the seat held in position, the locking bolt was installed at 20 to 25

in.-lb torque. To check for proper installation, the parallelism of the

seat to base plate was mepsured with the Merz indicator. All seats were

parallel to the base within 10 microinches over the seating diameter.

Just before installing the poppet, the inlet system was blown clean for

5 seconds, and the seat surface was cleaned with benzene uider a low

volume gas purge. The final check on the seating surface was to wipe

off lint particles with a fine brush while purging. Under bright light

such particles were easily discernible on the reflective seating surfaces.

Two methods of poppet assembly were used. The first is shown on the

tester assembly drawing (Fig. 20) and incorporates a retainer, flexure

spring, and clips for positively positioning the poppet relative to the

seat. This arrangement was used for the near-seated tests and some of

the on-seat tests before realizing the influencp of slight out-of-

parallel conditions upon the on-seat stress leakage characteristics.

The second arrangement (Fig. 20, Detail P) loads the poppet through a

ball joint. In this case, the poppet is not closely positioned, but is

free to conform with the seat. With this test method, all loads must

be obtained from piston control pressure readings because the three load

cell legs do not contact the seat.
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During poppet installation, extreme care was required so as not to dam-

age the seating surfaces by edge contacts. A continuous internal gas

purge was used so that no dust particles could enter the seating area.

In some cases, a thin sheet of polyethylene was inserted between the

poppet and seat to preclude metal-to-metal contact before complete assem-

bly. This technique achieved its objective but often introduced con-

taminants which, once mashed, had to be vigorously scrubbed from the

seating surfaces. %hen using the poppet-to-seat 0-ring seal for leakage

tap-off, the ball joint was used and in this case the poppet could be

easily hand positioned on the 0-ring which held the surfaces apart, before

loading.

Near-Seated Tests

These tests all used Model A (Table8). The basic problem in this test

series was to establish a datum or zero height point. The leakage at

electrical contact provided this datum. Once correlated with the rough-

ness and other geometrical parameters of the tests, it allowed a re-

peatable starting point for all tests to be established. The value of

this datum is apparent when it is considered that electrical contact is

a no-load coidition. If an electrical cont ct can be obtained at a level

commensurate with the surface roughness profile being tested, it is

reasonably assured that what is being tested is the profile and not some

other variable such as a ridge, nodula, or other protuberance, out-of-

parallel face, or contaminant.

After a reasonable datum or electric contact leakage had been established,

off-seat flow tests were performed. For these tests, the inlet pressure

was measu'.ed directly between the seat interfaces from a 1/32-inch drill

hole pressure tap provided in the seat (Fig. 21) ensuring a true reading.

Position control was maintained by the micrometer screw which also pro-

vided the necessary position reference.
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Two critical problems encountered in the flow tests were the dependence

of positional accuracy at low gaps on inlet pressure and at large gaps

on temperature. Because the micrometer screw required a preciaion ball

joint for loading the variable deformation of the joint contact affected

the flow gap as a function of inlet pressure changes. Calibration of

the screw between 30- and 1000-psig inlet pressures showed it to be pre-

cise and repeatable; however, at gaps below 0.0001 inch, the inlet pres-

sure had to be maintained within 1.0 psi to keep system loads essentially

constant, and thus position constant.

The second problem was caused by shrinkage of the poppet and seat inter-

faces because of temperature drops at high flowrates (nozzle regime).

This required establishing a reference micrometer zero at electrical

contact (with proper leakage) and rapidly obtaining a stabilized high

flow reading.

In all cases, the correlation of leakage with the electrical contact pro-

vided a ready reference from which to collect the off-seat flow data,

and the precision of the flow curves presented later is attributed to

this reliable reference.

The pressure profile across the seat was measured by nine pressure taps

located in the seat (Fig. 21). After determining that the profile did

not-vary around the seating diameter, only three radial taps were used.

Initially, there was a problem with slow pressure rise time in the gage

system. Readings below a 100-microinch seat spacing required more than

15 minutes to stabilize. This problem was partially alleviated by filling

the gage and line with water which allowed readings to be obtained at 50

microinches off-seat within a 5-minute stabilization period.

On-Seated Tests

These tests were performed with test models A through K. Initial tests

were performed with the poppet loaded through the three load cells because
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preliminary tests with the ball joint method of poppet loading did not

appear to make significant difference; however, at light loads and fine

finishes, a slight nut-of-parallel condition was found to radically affect

the stress-leakage curve.

With the poppet clamped to the piston, it was possible to ensure contami-

nant free parallel surfaces by the electrical contact test. With the

ball joint, however, the leakage correlation at light loads (apparent

stress of 100 psi or approximately 4 pounds) hali to be used as a criterion

of a clean surface. The problem with this methcd was that if the gap

contained a foreign particle, the light load would generally imbed it into

the surface. The net result was to cause an initial high-leakage low-rate

characteristic curve which is not representative of the metal surface.

In most cases, cleaning contaminants from the hardened steel seating sur-

faces necessitated removal of the poppet from the tester and a thorough

scrubbing of both surfaces with lint-free wiping paper. While hard rub-

bing in one area would tend to brighten the surface, and sometimes even

produce apparent scratches, the depth of marks was always much less than

1 microinch. These observations do not apply to aluminum which was found

to damage quite easily.

NEAR-SEATED TESTS

Test data were obtained for comparison with theoretically predicted flow

characteristics of near-seated models. Included were investigations of

leakage and pressure profile for the nozzle, turbulent channel, and

laminar flow regimes.

Near-Seated Flow Tests

Parametric off-seat flow tests were performed to substantiate the leakage

flow analysis using the poppet and se&At c mbination of test model A (1-

inch seat diameter and 0.060-inch land width). Leakage flow from 10 - 1
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to 10 scim was measured for poppet stroke (h) ranging from 20 micro-

inches to 0.006 inch. Data were obtained at 30-, 100-, 300-, and 1000-

psig inlet pressure levels with nitrogen and, for comparison, tests

were also performed at 100 psig with helium and argon. All test results

were corrected to standard conditions of 14.7 psia and 70 F.

Because the measured flow varies over several orders of magnitude, the

complete data for each test series are presented on two separate graphs

which are grouped as follows:

Nitrogen: Figures 77 and 78

Helium: Figures 79 and 80

Argon: Figures 81 and 82

To minimize confusion, the theoretical curves, computed from the equa-

tions outlined in the Leakage Flow Analysis section, are continuously

plotted while the actual test data points are represented by symbols.

Becanse the theoretical trend of the nozzle to the laminar transition

(turbulent channel regime) is sufficiently shown by the 30 and 100-psig

data of Fig. 77, these curves were not compute4 for the 300- and 1000-

psig nitrogen tests nor for the other gases.

The reference used in all of the flow data is the point where electrical

contact occurs. This position represents approximately 20 microinches

height when equated to flow between two flat plates. The physical de-

termination of this point in the test setup involves some error. Based

on comparative measurement with the Merz (and other instruments), it

was determined that the micrometer adjustment for position is accurate

to approximately ±2 microinches. In addition to this, there is a possible

error because of an out of parallel condition bitweev the poppet and seat;

however, experiments have shown that this error can be controlled to less

than 5 microinches. Contamination can also introduce error into the

evaluation of electrical contact. Contamination is an elusive variable
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whichi is relatively easy to detect but extremely difficult to accurately

evaluate. Generally, the test setup was torn down and the poppet and

seat, cleaned (or refinished) when contamination was detected. In summary,

it appears that the point of electrical contact could vary by as much as

10 microinches. An examination of the test data showed a range from 20

to 27 microinches. These data yoints were determined by placing the flow

at electrical contact on the theoretical flow curve to establish the

equivalent parallel plate height (h P).

Except for the reference point of electrical contact, the empirical and

theoretical flow data are plotted independent of each othei. There is

a high degree of correlation between experimental and theoretical data

ihro'gh several orders of magnitude of flow. The correlation was found

throughout the pressure range and gas media investigated. The flow

regimes covered include nozzle, turbulent channel, laminar, and approach-

ing the region of molecular flow. (A detail examination of these flow

regimes appears in the Leakage Flow Analysis section where a specific

example, illu3trating how each flow regime blends into the next to build

the over-all flow-leakage characteristic curve, is presented.) Some

data scatter resulted at the high-pressure conditions (300 and 1000 psig)

because of the difficulty in controlling poppet position -with the microm-

eter head at these higher pressures and resultant loads. In the 1000-

psig condition, control pressure was necessary to enable the adjustment

of the micrometer. Consequently, no electrical contact point was estab-

lished because of the difficulty in maintaining a sufficiently precise

load balance.

-If the near-seated test data are examined for the significant flow char-,

.'acteristic, laminar flow is selected as being the most representative

regime. When the laminar flow curves are compared for each of the three

gases the flow does not vary by more than 30 percent for any given height

(h). This can be verified by the laminar equation for volumetri.c flow

'-'-which shows that flow for various gases is a function of viscosity only.

_(VI cosity for the common gases varies by, at most, 2:1 for any given
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pre'psure and temperature.) The significance of this observation is that

if leakage data are known for one particular gas, it will serve as an

estimate for most any other gas of interest. Also, if it can be assumed

that the predominate characteristic for a system leakages is laminar

flow, the rate of change of bottle storage pressure will be a function

of gas viscosity and thus essentially the same for most gases.

Seat Land Pressure Distribution

Verification of the pressure distribution, or pressure profile, analysis

was performed using the 1-inch poppet and seat of test model A. The seat

was designed with several series of three pressure taps located across

the land face. Data were obtained for nitrogen supply pressures of 30,

100, 300, and 1000 psig with the stroke (h), varied so that laminar

turbulent channel and nozzle flow regimes were covered. In addition,

laminar regime data at 100 psig were taken with helium and argon.

Figure 83 shows pressure distribution across the test seat land in the

laminar regime for various inlet pressure conditions. The pressure

parameter is presented in nondimensional form so that the various levels

can be compared on a common basis. Actual data points are represented

by symbols, and the theoretical curves are continuously plotted, termi-

nating at various pressure levels as a function of the back pressure -

inlet pressure relationship. In general, the test data closely correlate

with the theoretical. Within the accuracy of measurements, helium and

argon test data at 100 psig were identical to the nitrogen, indicating

that the pressure distribution characteristic is not a function of the

particular gas involved for the laminar regime.

Figure 84 shows pressure distribution across the seat land for various

poppet-seat heights. The range of heights was selected to cover the

nozzle, turbulent channel, and well into the laminar flow regime. It

can be seen from the curves that height has a definite effect on the
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GIape of the pressure distribution profilt. Lie 50- and 100-microinch
datu, being in the laminar flow regime, are identical and follow the
parabol.c laminar curve very closely. However, at heights above this
point, the profile gradually changes with increasing height until it
approaches t.it of a kjozzle at hP- 2500 microinches. Because there were

no pressure -tap-, located at the entrance and exit of the land, thesepoints were computi. Entrance conditions are computed on the basis of
isentropic gas flow, The dashed lines on the graph represent an extrapo-
lation of the test data points indicated.

The theory and test data correlction in the turbulent channel regime is
shown in Fig. 84 for the 50 0 -microinch height. Reasonable agreement was
obtained. As the height is increased from 500 microinches, inlet condi-
tions increasingly influence the pressure profile. Because of this and
attendant analytical complexities, correlation analysis of the 1000-
and 50 0 -microinch height was not attempted.

Because the pressure profile varies as a function of btroke, it will
cause the effective seating diameter to vary alamo. For example, the
effective diameter for the laminar regime is located at 2/3 of the land
lengtb. However, as stroke increases such that flow is in the turbulent
channel regime, the effective diameter decreases. When stroke becomes
even greater so that flow is in the nozzle regime, the effective diam-
eter is very near the land midpoint. This variation in effective diam-
eter could be a contributory cause of valve instability in the near-
seated position, particularly for valves having a relftively wide seat
land.

To verify the effective seating area as determined by the pressure dis-
tribution profile walysis, this parameter was checked by load cells and
pressure force-balaztce methods. The data were taken with the identical
1-inch poppet and seat used in the pressure distribution tests. The
force-balance tests were performed by lifting the piston with inlet
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pressure (P 1 ) while controlling the piston position at electrical con-

tact with co.Atrol pressure (p c). Knowing the control piston area and

weight of the piston assembly, the effective seat area (A e) is compared

using the following equation.

1.767 P c 3.65
Ac
e 

P1

For the load cells, the following simple relationship was used for ef-

fective area and total load cell force (F). The additive term in the

equation is the weight of the test poppet mid ring clamp assembly.

A F + 0.86

e P1

Based on the theoretical pressure profile, the effective area is com-

puted from the following equation

A L
e 2 3

The following table shows the computed effective area for the three test

methods. All information was taken in the laminar flow regime

(h < 0.0002 inch).

COMP[LTED EFFECTIVE AREA, IN.

Load
Force-Balance Cells Pressure Profile

0.720 0.705 0.724I

The various methods correlate within 2.8 percent which is reasonable in

view of load cell resolution and the various gage and reading errors.

However, considering the measurement variables involved, the pressure

force-balance method is more accurate and agrees very closely with the

pressure profile analysis.
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ON-SEAT TESTS

The concluding portion of the test program involved investigation of the

stress-leakage characteristic exhibited by test models A through K. The

objective was to evaluate the parametric influences of surface roughness

variations (achieved by wet and dry lapping) and grosis geometry (scratches,

out-of-flat and parallel) on this characteristic. In addition, the use

of several model materials would permit some evaluation of bulk modulus

anid yield strength effects on leakage. The assimilation of these data

serves a twofold purpose: (1) the explicit information provides an index

to the sealing capabilities of various configurations, and (2) it affords

the comparison of theoretical and empirical results. The extent to which

the mathematical model describes the surfaces a.d the validity of test

model inspection data may thus be correlated with actual functional

capabilities.

The test data are presented as stress vs leakage characteristic curves,

All data plotted on the graphs represent individual 7,ata points reduced

and corrected by previously noted methods. Curves interconnecting the

data points are interpreted as a singular beat fit and, therefore, do not

represent the result of data averaging. In general, all data are well

within 5-percent accuracy. Certain exceptions are extreme low leakage

( < 10 - 4 scim) and seat stress between 400 and 100 psi where errors of

up to 25 percent may occur.

The arrows shown on the test curves indicate the direction of the re-

corded data similar to hysteresis loops.

PreliminEy Teest (Model A)

After the off-seat flow-leakage tests were completed, a series of pre-

liminary tests vere performed on 'ie 1-inch (Model A) poppet and seat
configuration. The tungsten carbide poppet wvadiamond lapped to a surface
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finish of approximately 1-microinch AA. The surface texture information(Table 8) was obtained -from the Proficorder trace (Fig. 57) and the inter-

ference microphotograph (Fig. 28). Both of these figures represent cross

lay on the poppet and show a surface roughness of 3.0 microinches peak

to valley and an angle of 2 degrees. Also, approximately 20 percent of

the surface is covered with 4-microinch scratches. In evaluating the

surface texture with lay, an interference microphotograph was used. This

specific photograph is not shown; however, a representative with-lay

configuration is illustrated on the diamond lapped part shown in Fig. 37.

The 4OC seat surface of test model A was multidirectional with a peak-

to-valley roughness (h) of 6 microinches, a 1-degree angle, and approxi-

mately 6 percent of the surface having 4.3-microinch nodules (Fig. 26).

(The diamond-shaped patterns are the indentations made from the 100-

and 15-gram Vickers microhardness tests.) The Proficorder trace for

this surface is not shown; however, the surface texture of test model B

seat (Fig. 59) is representative of the subject test part configuration.

Test 1 (Fig. 85) is a preliminary run to a 5600-psi seat stress, at a

100-pig inlet pressure with the poppet clamped to the tester piston

legs. Test 2 was conducted under identical coneitions except that the

stress was increased to 15,000 psi. The two stress vs leakage curves

are not identical at the low stress levels which is attributed to the

presence of contamination in test 2. The test models were disassembled
for inspection, and evidence of contamination was found. At this point

in the test program, the 0.5-micron absolute porous membrane filter

element was installed in the inlet line.

Because the poppet and seat are of different materials (elastic modulus)

and roughness, it is difficult to correlate the analytical and empirical

results. However, in examining the curve shape of test 1, the similarity

to the theoretical curves (Fig. 16 through 18) is quite evident. A more

detailed correlation of test and theory is made on the subsequent test

models.
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One observation which can be made, however, is the low stress level

peak-to-valley correlation between the inspection data and test curve 1.

At a 100-psi stress, the calculated peak-to-valley height (from flow

data) for both surfaces is 13 microinches, and at a 1000-psi stress, the

peak to valley height is 10 microinches. From Table 8, the combined

peak-to-valley height is 9 mi-croinches with 4.3-microinch superimposed

nodules for a total of 13.3 microinches. These figures indicate that

at roughly a 1000-psi seat stress, the nodules have been compressed, and

essentially the entire surface is in contact. This observation was true

for all of the test models at the 1000-psi stress level. At seat stresses

below 1000 psi, nodules and contaminants play a major role in the stress

vs leakage data.

2-, 4-, azd 6- Microinci AA Finish Tests

(Models B, C, and D)

These tests were performed to evaluate the surface roughness parameter

and are grouped together because they are all of the multidirectional

surface texture configuration. Comparison of the three surfaces tested

can be seen on the inspection chart of Table 8. A rough evaluation of

the peak-to-valley height parameter (h) in terms of the arithmetic aver-

age (AA) can be made by dividing the h value by 3. For example, the

seat of test model B has a peak-to-valley roughness of 6.6 microinches

which, if divided by 3, would result in an approximate AA of 2.2 micro-

inches. This value corresponds to the AA reading of the Profilometer

with the 0.0001-inch-radius tip at 0.010-inch cutoff. The surface texture

parameters for these models (Table 8) were defined, primarily by the Pro-

ficorder traces and secondarily the interference microphotographs plus

additional verification from the Profilometer data.

The poppet and seat of test model B are of slightly different surface

roughness. Examination of the Proficorder trace (Fig. 58) and the inter-

ference microphotograph (Fig. 29) show the poppet surface h to be 4.5

microinches with an angle of 0.75 degree. The seat is slightly rougher
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at 6.6 microinches h and an angle of 1.2 degrees, as determined by the

trace in Fig. 59. Both surfaces contain widely scattered nodules from

3 to 4 microinches in height.

The poppet and seat of test model C have similar surface roughness

(approximately 4 microinch AA); therefore, only one Proficorder trace

has been included (Fig. 60) which is representative of both. Surface

roughness (h) is 14 microinches at an angle of 2.8 degrees. In addition,

this surface has a waviness of 5 microinches with 3.3-microinch nodules

superimposed on the waviness.

Test model D is very similar to model C except that the roughness has in-

creased to 19 microinches with a angle of 3.5 degrees, and the nodules

are slightly higher at 5 microinches. Nodule density of model D remains

low at approximately 4 percent. The Proficorder trace (Fig. 61) was used

to define test model D. The matte, noureflective nature of this pitted

surface is shown in Fig. 31.

The first stress vs leakage information obtained on test model B was run

at 300 psig with the poppet in a clamped position. Test data for this

configuration are shown as test 3 (Fig. 86) and represent the first and

second test loops on the "fresh" surface for stresses up to 60,000 psi.

Arrows on the curve indicate the loop direction and show that some plastic

flow has taken place in the first cycle.

Test 4 (Fig. 87) represents the sixth cycle on this test surface aud was

conducted at 1000 psig with the ball loading device. To check the data

of test 3, test 5 was conducted at a 300-psig inlet pressure with the

ball loading device. The results of test 5 are plotted along with an

overlay of test 3 which indicates that the stress vs leakage character-

istics have not changed with cycles. The difference between the two

curves at low stress levels is attributed to the clamped vs unclamped

(ball) loading methods. Clasping the poppet to the piston results in a

potential out-of-parallel condition which may be as much as 10 micro-

inches over a 1/2-inch seat diameter.
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All of the data for test. model C are show in Fig. 838. Test 6 illustrates

the first two cycles on the fresh surface coniductsx! at 300 psig, and shows

considerably more plastic deformation hysteresis than exhibited by test

model B. Tests 6 and 7 were run with the poppet clamped, and show -the

typical low stress leakage characteristics found with test model B when

clamped. Test 7 was conducted at 1000 psig, and represents the third

and fourth cycles on this test model. The test surfaces were not sepa-

rated between tests 6 and 7.

The first test on test model D (test 8) was run in a manner similar to
model C (clamped) at 300 psig. After the first two cycles were achieved,

contact was broken between the poppet aid seat, and two more cycles were

run (test 9). Both tests showed the plastic deformation characteristic

on the first cycle (Fig. 89).

To compare the test results with the theoretical stress vs leakage curves,

the final (elastic) stress cycle for an incretsing lcid from tests 4

(2 microinches AA), 7 (i microinches AA), and 9 (6 microinches AA) have

been reproduced in Fig. 90 with the bounding and best-fit theoretical

data superimposed. Whxile actual and theoretical data fall in the same

region, the over-all curve shapes do not closely match. The reason for

the theoretical curve shape stems directly from the model assumptions

and needs no further explanation. The test curves are another matter

because the deviation at both low and high stress levels is marked.

The inspection data have shown that all surfaces are composed of a vary-

ing distribution of defects and roughness rather thm a uniform rough-

ness. It follows, therefore, that the real surface will not match the

assumed model in stress va leakage characteristics except over short

spans. The primary reason for this is that the real bearing area is

increasing with applied load in two ways. The first is caused by in-

creasing the number of individual contacts with load and is not con-

sidered in the analysis; the second is as assumed in the analysis, that

is, increasing the total bearing area as a result of increasing individual

contact areas.

221



CST,

:q"V

in~ tiHlK

E-4

2b I
Ifd 'i.S JV3

222:



00

- cs
a.00

At CL~

:j: 7w

Fl Z

0 00

I~d 'S38J. .L-4
22



It lilt 1 11 1 1 1 1 tillif H ; t i I

WM mitil fiff I I I I lK44 I MI mill, I I i i

4111 !Pill!! I IH itBMW! 1H.! 1 1Bt! 41111 1ki-1011 Mli
10 H Sm im RUH R If, i . ........

MI ILLL
USE 

0tv 1 1 I N

ilj !Hi im

2 E ion T! sp in t its

Ell

jjj j 7t

't. Hill, -22 EH M E i LIU.! ?rp. ! il iffilliltilli

i .......... H -1iAd1H1rw--hM i+H tt--T MMU11111 MINN Ili IW i!M: 1 RiUi i.i4 "01:71HAiiii H III:! ra*ifffli !I!; ill! qM13ill iii 0 1 !"w illHvii JJOR 1 i 11 1 fil illi 0i 11 1
Nil' H 1 IN R! H14 S.4 A 4*-' 4 T .

1 i i "hom 1 loopW . 41111 4lot 1: T I d
2

21V H fill Now
:01YE

MAE ... .......... .. ... ...T 71 :T? - j

J4 H! Han
i k H W ill ME" ........ I-L 10 ..I T 2

HIM N 0 a I im up
Hii

hil '41 L'i iiii li
z UT i iiJ it ITT! 1i ii i ii I W

I'll
TEN 41. 2 WZ

LL .10 in K
:x 

I Inn; V yt got:

-,III! i* - N mom .... . ..
t6 f i 1 flit: 1 P.-Ih!

ill H it til l I
lot HH11iiii i i! i i : 71FMTH Ni III ..

"A O f .........I - I N HU Un ill!
LH 1 i 1 1

Nil i:
P11 me VIA

swill 111

Mi 1i i il. i i i i i P 11 S
It - I i0! h M gs

fit

, 011
12

i OUT

1: 11 WjA it iil!w 1: mi 9H41 .' 01 j j +41:: fliNi it::
011 1111 F FTTF cl R IT -qTFV

W T, -1.

41
i .g

4 1
Hit 

T+-

ISd 'SSUIS -LV3S



Because of the fewer number of higher asperities, the stress vs leakage

characteristic has an initial high-leakage value at low loads and, de-

pending upon the height distribution of the asperities, the rate at

which the leakage decreases (with load) may be very high as is evident

in some cases or quite low as in test I (Fig. 85). As the asperities

are compressed into the surface, it is impossible to completely flatten

most valve seating surfaces because of the asperity distribution charac-

teristic. Moreover, most real surfaces have scratches, and while these

may contribute little to the total leakage at lower loads, their in-

fluence becomes increasingly evident as the asperities are decreased in

height. These are the reasons why the seat stress vs leakage test curves

do not fall off to a zero leak condition as the theoretical analysis

predicts.

The stress vs leakage characteristic below a 1000-psi apparent stress is

generally atypical of the normal working stress condition because of an

out-of-parallel situation, contaminants and/or nodules can greatly in-

fluence the curve shape. Above 1000 psi, these defects may influence

the remaining curve but only slightly. This is more adequately illus-

trated in a subsequent portion of this section where the inspection

peak-to-valley height data are directly compared with the equivalent

peak-to-valley height calculated from the test curves.

The nominal 4- and 6-microinch AA aurfaces did not conform to the de-

sired configuration (similar to the 2-microinch AA surface) but instead

were more complex, being composed of waviness, roughness, and some

nodules. Also, the average asperity angle was greater, which made these

surfaces both stiffer and yet less capable of elastically supporting a

load. Consequently, the initial load cycles resulted in considerable

plastic deformation (Fig. 89). The data correlation for these surfaces

(4- and 6-microinch AA) are limited, and it can only be concluded that

leakage agreement within a factor of 5 was obtained. These models are

not typical of lapped valve seating surfaces because of their extreme

roughness.
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Vowever, the nominal 2 AA model had a sufficiently uniform structure to

exhibit the typical model characteristic curve with increasing load (test

3, Fig. 86). Data correlatiop. for this model are within a factor of 3

over a 1000- to 60,000-psi stress span.

I/4 to 2/4 Microinch AA Finish Tests

(Diamond Lapped Models E and F)

This test series was a continuation of the surface roughness evaluation

started on the 2-, 4- and 6-microinch AA test models (B, C, and D). Be-

cause of the nature of diamond lapped surfaces, two aspects of the surface

texture were changed relative to models B, C, and D. First, the lay is

unidirectional rather than wultidirectional, and second, the surface con-

tains a large "I-Aber of scratches. In this instance, the scratches are

significant only because the surface roughness is quite small.

The first tests on the diamond lapped models were conducted on test

model E. Microphotographs describing the test surface are found in

Fig. 32 throv-6. surface (Fig. 32 and 33) is composed of a rela-

tively smooth surface roughness and a number of deep scratches (pointing

down). The inspection data (Table 8) show the poppet surface roughness

to be 1.8 microinches . to valley at an average angle of 0.32 degree

with 24 percent of the surface area covered with 5.0-microinch scratches.

The roughness and scratch values are slightly lower for the seat with

the scratch density being only 9 percent. The seat has considerable

roundness (dub-off) which reduces the effective stress area by an esti-

mated 44 percent (Fig. 34). As a result, stress vs leakage data were

-Qbtained up to approximately 100,000 psi.

Test 10 (Fig. 91) was conducted at 1000 psig with the poppet clamped and

v6-; represents the second stress cycle on this configuration. A third cycle

was run whidn duplicated the results of test 10. Without breaking seat

.coutact, the inlet pressure was lowered to 300 psig, and stress vs leakage
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data were taken (test 11) for comparison purposes. This test was termi-

nated at an 86 00-psi stress because obtaining the lower leakage values

with the buret system involves cons..d.rable time.

Test 12 (Fig. 92) was run at 1000 psi with test model E using the ball

loading device; this curve represents the eighth cycle to a 100,000-psi

seat stress. The curve shows a wide hysteresis loop which was repeat-

able indicating elastic deformation. Because these surfaces are very

close to being optically smooth and unpassivated, the hysteresis loop

might be attributed to atomic attraction, although this is not proved.

A comparison of tests 10 and 12 (Fig. 92) shows the decreased leakage

obtained with tue ball joint and the relatively large effect the out-of-

parallel situation of test 10 had on the sealing ability of these ultra-

smooth surfaces.

A second series of tests on the diamond lap surfaces was run with te.t

model F for the purpose of testing a nonrounded (no dub-off) seat con-

figuration. In addition, the poppet and seat were oriented at different

positions to determine the effect of lay on the stress vs leakage re-

lationship. The microphotographs shown in Fig. 35 through 39 describe

the poppet and seat surfaces tested. Figure 38 shows that the roundness

has essentially been eliminated on the seat land. To keep the land

edgeS nqiare, very little surface polishing was done; therefore, the

surface is slightly rougher than model seat E. Inspection data for

model seat F (Table 8) shows the surface rougluiess to be 2.2 microinches

with an angle of 0.39 degree. The scratches are only 3.8 microinches

deep on the average. However, the scratch density of 38 percent is

significant. The poppet of test model F hwa been reworked from model E

so that the suriace is composed of only scratches and a waviness of less

than 1 microuch.

Test 13 (Fig. 93) is the fourth cycle to a 60,000-psi stress with the

poppet and seat oriented in a cross lay position. The results of this

and the previous 3 cycles conducted at 1000-psig pressure on this con-

figuration repeated within 5 percent. Test 14 is identical to test 13
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except that the poppet was rotated 0.90 degree to evaluate the parallel

lay configuration (the ball loading device was used in both tests).

From the results, the lay orientation does not affect the stress leak-

age relationship. The high leakage of test 14 at stresses below 1000

psi is attributed to contamination rather than ai out-of-parallel condi-

tion because the ball loididing device was used.

Data correlation with the theoretical stress leakage relationships areI shown in Fig. 94. Tests 12 and 13 are plotted as represent ative of the

data obtained with test models E and F. For the stress range between

1000 and 10,000 psi, test 13 is closely witched with the theoretical

curve where peak-to-valley height is 1.5 microinches and an angle of 1/2

degree. An average roughness value for the poppet aid seat is close to

the theoretically selected values (Table 8).

In examining the theoretical. correlation for test 12, it appears that

the best fit is a height of 1.0 and al angl.e of 1/14 degree. These values

do not precisely match the inspection information obtained; however , the

height and angle are of the right order of magnitude.

Because the scratches in these test models are an appreciable percentage

of the surface area, it is worth evaluating their effect in terms of

leakage. The equatioi- used is an approximate solution based on the analy-
tical model developed in tile Surface A.I. s ii. ... uia~vsis section. This model eval-

uates flow through a sine wave surface, whereas scratches would be better

described as saw tooth. The equivalent flat plate height factor for

laminar flow (ML) is 0.68 for the sine wave as compared to 0.63 for the

saw tooth. The corresponding molecular flow factor (MM) is 0.58 for the

saw tooth surface. By substituting these factors in the leakage equation,

eliminating the deflection term, evaluating for a single surface only,

and using the density factor (9) found in the inspection data, the fol-

lowing equation evolves for scracthes.
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By computing the scratch leakage and comparing it with low-stress (1000

psi) test leakage, an estimate may be made of the controlling surface

characteristics. For example, the scratches of test model F (Fig. 93)

occupy a large percentage of the seating surfaces and hence will result

in significant leakage. For the se&t which has a scratch depth of 3.8
microinches and a density of 38 percent, the computed scratch flow is
2.2 x 102 scim. The corresponding poppet flow is 0.8 x 10-2

scim.scim for

a scratch depth of 4.0 microinches and a density of 12 percent. The total

scratch flow of 3.0 x 10- 2 , compared to 3.0 x 10-2 scim at a 1000-psi
seat stress, indicates that a predominant portion of ths over-all leak-

age is a rezult of the scratches. This analysis cannot be carried fur-

ther at this time because a stress vs leakage relationship has not been

developed for the scratch configuration.

Scratch Test (Test Model G)

This test was performed on a controlled scratch configuration to obtain

general correlative information on the flow and stress vs leakage re-

lationships for scratches. The test poppet and seat are the same as used

in test model F except that the poppet vas reworked to a fine polished

finish. Examination of the inspection data of Table 8 shows that the

reworked model G poppet has no measurable roughness or -waviness and con-

tains only widely scattered nodules with an average height of 2.3 micro-

inches. Figure 40 shows an interference microphotograph of this surface.

For the scratch evaluation, the polished poppet was scratched radially

using the diamond indenter from the Leitz microhardness tester. This

indenter is the Vickers pyramid configuration which has a depth-to-

diagonal ratio of 1/7. After four scratches located at 90 degree intervals
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were scribed on the surface, the poppet was polished to remove the feather

edges along the scratch. Figure 41 shows a typical scratch (No. 2 in the

following table) after the polishing operation. Each of the scratches

were slightly different, and the following table describes the average

depth (h), width (X), and angle (4) for all four.

Depth, Width, fAngle,

Scratch No. microinches microinches degreesi

1 31.8 522 7.0

2 31.8 391 9.3

3 42.4 391 12.4

4 37.1 435 9.4

Test 15 (Fig. 95) was performed on test model G at 1000 psig, which

establishes the stress vs leakage characteristics of the model before

the application of the four scratches. The curve represents the fourth

cycle to a 60,000-psi stress conducted with the ball loading device. The

high leakage rate below the 1000-psi stress was attributed to contamina-

tion. Test 16 illustrates test modil G leakage information after the

scratches were scribed on the poppet. This curve represents the sum of

the surface texture leakage and the leakage through the four scratches.

To find the net scratch leakage, the curve of test 15 is subtracted from

curve of test 16. This scratch leakage is shown as a dashed line in

Fig. 95.

To. correlate net scratch leakage with analytical data, the following

equation vias used:

1.5 ()(P 1
2 - P2

2 ) 3

4.5 x 10~ ()(P 1 - P 2) -2

L T! LM~

234



This basic equation was presented in the Surface Analysis section and

has been modified by substituting scratch v fh ()) for (v D ) and elimi-

nating the deflection term. ML and M tire the flat plate averaging

factors for a saw tooth surface and are 0.63 for laminar flow (ML) and

0.58 for molecular flow (MM).

Because the four scratches are not identical, data were computed inde-

pendently for each as follows:

Scratch No. 1 Q - 0.8 1 10-2 Seim

Scratch No. 2 Q - 0.6 x lo-2 Seim
Scratch No. 3 = 1.5 x 10-2 Seim

-2
Scratch No. Q= 1.1 x 10 scim

Q = 4.0 x 10-2 Seim

The flow correlates very well (10 percent at a 1000-pbi stress) with the

net scratch leakage of Fig. 95). A mathematical stress vs leakage model

has not been developed for scratch flow, but it can be seen from the

experimental results that the scratch leakage has been reduced by one-half

at a 6 0,000-psi stress. Several more tests with scratches of varying

depth should be performed before any conclusion can be reached as to the

stress vs leakage relationship for scratches.

Out-of-Flat Tests Models H and I)

These tests were performed to determine the effect of the gross geometry

deviation of poppet (and seat) flatness. The models constructed had a

gentle curvature in one plane, i.e., a small arc length of a cylindrical

surface. Two models vere fabricated, one having a height curvature of

8 microinches (model H), the other 24 microinches (wodel I). Both out-

of-flat surfaces were made on the poppet because it has a continuous flat
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surface which is easily measured. The common seat was flat within 3

microinches. Surface measurements were taken on the Proficorder,

Cleveland Height Comparitor, and an optical flat to ensure correct

definition of the surface cont-ur.

The intention was to keep the surface roughness of these test models the

same as the 2-microinch AA multidirectional surface of model B. This

surface texture was used as a datum to examine other variables such as

gross geometry and material properties. Because of the variables in the

lapping process, however, models II and I turned out to be slightly rougher

than tbc 2-microinch AA standard surface.

The surface texture of the test model H poppet was the same as the seat

which had a surface roughness of 7.4 microinches and an angle of 1.2

degrees. The surface had no waviness, but 5 percent of the surface was

composed of nodules with an average height of 4.4 microinches. These

parameters were determined from the Proficorder trace of Fig. 62 and the

interference microphotographs of Fig. 42 and 43.

The seat was common to models H and I; however, the model H poppet was

reworked aLer test to the model I configuration. The model I poppet

had a roughness of 7.9 microinches, an angle of 1.3 degrees, and widely

scattered nodules 4.7 microinches in height. These parameters were de-

termined from the Proficorder trace of Fig. 63 and interference micro-

photograph of Fig. 44. Even though the surface roughness of these models

was close to 2.5 microinches AA, it was assumed that they approximated

the datum roughness value (2-microinch AA); therefore, gross geometry

flatness change could be viewed as an independent variable.

The test results of models H and I are shown in Fig. 96. Tests 17 and

18 were conducted on the 8-microinch cylinder (model H) at an inlet pres-

sure of 1000 psi.g and stresses up to 60,000 psi. Test 17 was conducted

'ith the poppet clamped whereas test 18 was with the ball loading device
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installed. Here again, the out-of-flat condition caused by clamping the

poppet to the piston is attributed to the difference in leakage at the

low stress levels.

Test 19 is the stress v. leakage curve for the 24-microinch cylinder
(model I) conducted with the ball loading device.

In examining the curves of Fig. 96 and comparing the curve shape with the

test data obtained from test model B, the conclusion reached was that the

out-of-fiat condition did not appreciably alter the stress vs leakage

characteristics. This conclusion is further supported by the similarity

of the 8-microinch (test 18) and the 21 --mi, roinch (test 19) curves.

These two curves were very close at high stresses and differed only by

a factor of 2 to 3 at the low stress levels.

A simplified deformation analysis based on Hertz contact of a cylinder

on a flat plate can be made for these out-of-flat surfaces to support

the above conclusions. The unwrapped, out-of-flat curve describes two

cycles of a sine wave. An approximation to the load required to flatten

each peak may be obtained by assuming the peaks are represented by two

cylindrical segL nts having chordal distances of 1/2 the mean seat cir-

cumference. This results in a minimum deformation for a given load. A

schematic of the assumed model is shownA in FiA It is assuned 'th.

the L/D and h/L ratios are small.

The assumed cyliader diameter may be expressed as:

T2
d =_

Describing the total seat load in terms of apparent seat stress the ex-

pression for deformation is:

1.57 D S C

D D 9
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I

or in terms of total seat load, F,

/
~j3. hL~2L

(uC 2I D

whe re

D = mean seat diameter, inches

F total seat loads, pounds

h peak-to-valley height, inches

L = land width, inches

S apparent seat stress, psi

elastic constant for both materials, I/psi as previously
defined

6 =peak deformation, inches

Introducing the test parameters into the stress vs deflection equation

above for the 24-microinch curve and solving (by trial and error) for

stress required to flatten the curvature (5 = 24 microinches) results

in an indicated stress of 100 psi. While this approach is very approxi-

mate, the order of magnitude is significant and supports the hypothesis

that gross flatness is not a significant factor in the.se tests. This

must not be taken as a general rule, however, because of the general

independence of groos (substrata) deformation and surface deformation.

For example, a very narrow seat land of typical corner construction (as

in a conically seated valve) could have very high unit surface loads

(stresses) for a relatively small seat load. Deformation of the sub-

strata would therefore be small, and gross curvatures could be the sig-

nificant parameter of the over-all stress vs leakage characteristic.
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Gut-of-Parallel Tests (Test Model B)

The configuration used for the out-of-parallel tests was test model B

with the poppet canted relative to the seat by 125 microinches at the

0.5-inch diameter. This was accomplished by lapping the back face of the

poppet out of parallel relative to the front face, thus leaving the orig-

inal 2-microinch AA surface texture perfectly intact. The Proficorder

and the Cleveland height indicator were used to verify the parallelism

measurements.

Test results for the out-of-parallel configuration are shour in Fig. 98.

Test 20 is a comparison rerun of model B at a 1000-psig inlet pressure

and the poppet clamped to the piston. The poppet was then lapped out

of parallel 125 microinches and retested; the data shown for test 21

represent the first six cycles (virtually no hysteresis was observed).

It can be seen from a comparison of the two test curves that as stress

is increased, the out-of-parallel structure suddenly collapses, and the

stress vs leakage curve is nearly identical from then on to the original

parallel configuration.

The following analysis is presented to show where the various deflections,

which ultimately bring the two surfaces into a parallel and mating condi-

tion, occur. The data recorded for the three most significant seat

stresses are tabulated below from the piston pressure and load cells.

Apparent
Net Piston Seat Load Cells, pounds

Force, Stress, F F F EF = FT, Error,
pounds psi F 1  F 2  F3  pounds percent

22 1,040 79 72 60 211 6.2

669 11,i30 258 187 193 638 4.9

2650 58,200 897 830 842 2570 3.1
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The 125-microinch high point wvs locatcd directly underi cell Nu. 1. Tile

Variation in load betwecn the three cell, is nbot. %vry laigt.

Yrow Ihe dimezniois of the load cello, poppet, wiud scat, Mi estimate of

the deformation attributable to each of these parts may be made. The

r.n... , "AId llo g for pistn couh-ing, must be from interfacial

de format ion.

Load Cell Deformation (el, e,, e).

FL 1.0 F 0.34 10-6

30 x 10x 0.3132

vhere

E - elastic modulus, psi

A - area, sq in.

L - length, inches

F - individuJ;I load ccll f icv, puuidb

e deformation, inches

Poppet Deflection (e )

e a 0.0173 x 10-6 FT

Seat Deflection (ea).

e s  - 0.014 x 10 - 6 F T
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The def lectiojim cumluted fNom thc abuvc ek.:'rbsionFA are summarized below

fur CacI of tie prt t i ously uotr d Lcal s tresk luvc Is; all def lrvtioil are
ii uircroiurches.

I AA 1 I
S, psi c1  e2 and V3  ell e e

i,01,0 26.8 22. ,', 3.9 3.1 2.4

11,430 87.7 6.4.6 11.6 9.4 23.3

58,200 305.0 284.0 45.8 37.1 21.0

In the table, A e - e1- (average e2 and e 3). The righting allowed by

piston clearance is approximately 20 microinches. The differential load

cell deforuktio, is approximately 22 microinches or 28 microinches across

a 1-inch diameter, which reduces to 14 micruinches across the 1/2-inch

seat diameter. Considering the relative stiffness of both the poppet

and seat, probably very little differential deformation occurs within

these parts. The difference between the 125-microinch out-of-parallel

dimension and the 34 microinch (20 *t l) differential leaves 91 micro-

inches for net interfacial deformation. From these figures, it is con-

cluded that the deflection indicated by the large change in leakage at

the 10,000-psi level is a result primarily of interfacial deformation.

Material Parameter Tests (Models J and K)

The two additional material parameters studied were 17-4 PH steel and

6061-T651 aluminum. The 17-4 PH steel has the same elastic modulus as

the 440 C steel tested previously; however, the yield strength is approxi-

mately 3/4 that of 440 C. Tests were performed with the 17-4 P steel

to ascertain if decreased strength would have any effect on stress vs

leakage characteristics. The aluminum poppets and seats were included

to determine any changes resulting from a different modulus of elasticity.

The surface texture of both materials was approximately 2-microinch AA for

comparison with the tests run on the 440C material (model B).
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Test model J was the 17-4 PH natorial tnt configuration, and the surface

texture (Table 8) was very similar to test model P except that there were

no nodules on model J. The poppet and seat of this test model had essen-

tially the same surface texture. The average asperity height was 6 micro-

inches with an angle of 1.6 degrees as measured by the Prof icorder chart

(Fig. 64) and the interference microphotographs (Fig. 45 through 47).

Figure 45 shows the scratch caused by the 0.0009-inch-radius Proficorder

stylus. Figure 46 is included to show Profilometer scratches on this

relatively hard surface. The interference bands on this photo are not

well defined because of poor focus.

Tests 22 and 23 were performed on the model J configuration (Fig. 99).

Both tests were conducted at 300-psig inlet pressure with the ball

loading device installed. Test 22 was the first cycle down and back

and test 23 was a repeat cycle after poppet-to-seat contact was broken

to check for contamination. The seat was carefully examined, ,rd t.be

system was pu.,ad with nitrogen; however, noting the high leakage it

low stress for both tests, it must be concluded that the contaminat,4ion

was not removed. A comparison of the high stress leakage portion of

the data of test model J with those of test model B (Fig. 87) shows

very close correlation. It is concluded from this comparison that the

two materials, 440C and 17-4 PH have essentially the same stress vs

leakage characteristics, and that variations of yield strength do not

influence these characteristics. However, it is further presumed that

if the two materials had been tested into regions of gross plEStic sur-

face stress, significant differences would have been found.

Test model K is the 6061-T651 aluminum test model configuration. The

inspection data were rather difficult to obtain on the aluminum parts

because the stylus-type instruments would plastically deform the surface

as the data were obtained. The interference microphotograpihs (Fig. 48

and 49) show stylus-#aused surface daage. As a result, Fig. 50 was
used to determine the surface texture parameters of Table 8 for this

model. The texture is very similar to the 2-microinch AA, 440C test

model B with a peak-to-valley height of 6 microinches and an angle of
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1.3 degrees. Unlike model B, however, the aluninum model contains 5-

microinch scratches over ahout 6 percent of the surface. (Several un-

successful attempts were made during the lapping operation to eliminate

these scratches.) Because o:r the low number of scratches, it was con-

cluded that this model surface texture approximated the 2-microinch AA

surface of model B so that the elastic modulus factor could be viewed

independently.

Figure 100 shows the test performed on the model K configuration. Test

24 represents a series of three separate tests where the stress was pro-

gressively increased with each test group. The first test (initial

contact) was conducted from 350 to 2080 psi, the second from 350 to 5330

psi, and the third from 330 to 10,750 psi; the surfaces were not separated

between tests. All tests were run at a 1000-psig inlet pressure using

the ball loading device. Before the data were recorded for each test

group, the model was cycled 5 times (350 to 2080 psi; 350 to 5330 psi,

and 350 to 10,750 psi) to ensure that the elastic characteristics were

being measured. The test results (Fig. 100) indicate that plastic

deformation has taken place with each successive increase in the level

of operating stress. The dashed line indicates the estimated initial

loading characteristic indicating progressive plasticity. It should be

emphasized, however, that the three cycles were elastic and thus repeat-

able. The bulk yield of the aluminum material (approximately 31,000 psi)

was not reached in these tests, and it is concluded that the plastic

deformation was taking place only at the asperity level. This is f-ur-

ther illustrated by Fig. 51 which shows no edge yielding, only slight

lapping dub-off.

Test 25 was conducted at a 1000-psig inlet pressure with the poppet

clamped. The stress was increased to 60,000 psi, which is approximately

twice the bulk yield strength of the aluminum material; therefore, con-

siderable plastic deformation took place. Figure 52 shows how the seat

land has been permanently deformed because of the over-stressed condition.
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This figure shows the permanent seat deformation to be nine light bands

or approximately 95 microinches. iractically all of this deformation

has occurred on the OD half of the seat land as shown in the right side

of Fig. 52. The unequal deformation is attributed to the fact that the

seat ID is more confined, causing an unsymmetrical stress distribution

across the seat.

Figure 90 shows the fit of theoretical stress vs leakage data compared

with test 24. The best fit is represented by the h = 7, 0 - 1-degree

curve which agrees favorably with inspection data of h = 6, 4 - 1.3

degrees. The high leakage at low stress is attributed to the waviness

and probable slight out-of-parallel condition caused by the clamped

poppet.

Inspection Data Correlation

To compare the over-all correlation of the physical dimensions taken

from the inspection records with the equivalent height parameter (he)

computed from the leakage equations, these data are suumarized in

Table 9. The leakage values at the three stress levels are taken directly

from the test curves. The corresponding equivalent peak-to-valley height

for both surfaces (2h e = He) is computed based upon the assumption of

sinusoidally wavy surfaces. The next-to-last column reproduces the in-

spection data of Table 8 in which the peak-to-valley parameter for both

surfaces is added; this was added to the waviness and nodule parameters

to arrive at the last columm.

At the 1000-psi stress level, a fair correlation exists between the com-

puted and measured peak-to-valley dimension. From this it might be con-

cluded that this stress level is such as to bring the roujhness into full

contact but with little deformation. Comparison of the 100-psi stress

level computed peak-to-valley dimension with the last column shows the
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influence of nodules, waviness, slight out-of-parallel, and contamination

at low loads. A fair correlation exists although a better model might

simply be parallel plates as a result of the relatively large separation

between the two surfaces.

Referring back to th? 1000-psi stress column, the degree of success in

establishing the 2-microinch AA datum surface is evident. Test models

B, H, I, and J were nominally 2-microinch AA surfaces (K excluded be-

cause it was aluminum). The variation in surface preparation, test

method, and contamination level have served to cause the corresponding

variation in leakage at the 1000-psi stress level. This variation is

reduced as stress is increased (Q at 10,00 psi).

From these and previous data, it might be broadly concluded that the

surface complexity and the basic inaccuracy of measuring equipment pre-

cludes outright analytical prediction to any better than a factor of 10.

Based on test data, an extrapolation within a factor of 2 should be en-

tirely possible.
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CONCLUSIONS

The program has resulted in the following conclusions:

1. Established flow equations can be applied to valve seat leakage

throughout the entire flow spectrum, i.e., for a given fluid and

closure configuration the established regimes are:

a. Nozzle: Q - P1 h

b. Turbulent channel: Q - f(P1, h, L, f, R , etc.)

c. Laminar: Q "- P 1 h3/1

d. Transition: Q _ (P 1
2 h3 + P1h2 )/L

e. Molecular: Q P1h2 /L

f. Diffusion laws

2. Almost all valve seat leakage takes place in the laminar and

molecular flow regimes, but primarily in the laminar regime.

3. The effective seat diameter for nompressible fluids within the

turbulent channel and laminar flow regimes varies from the mid-

land position to 2/3 of the seat land width (ID to OD) as the

valve seat closes. This can represent a large change in effec-

tive seat area through a very short stroke if the land area is

comparable to the seat ID area.

4. Because most valve seat leakage is described by the laminar flow

equation, the volumetric leakage (scim) is essentially independent

of the specific gas. This is because the controlling parameter

is viscosity which does not vary appreciably from gas to gas.

5. Valve seat leakage takes place through the minute interstices

provided by the surface profiles of mating seats and is controlled

primarily by the roughness peak-to-valley parameter. Approxima-

tion to parallel plate flow for real surface profiles may be
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obtained by applying appropriately weighted factors to the
average peak-to-valley measurement to arrive at an equivalent
parallel plate separation. It follows that, given a perfectly
smooth surface, no seat load is required to seal.

6. Valve seating is essentially a totally elastic process of forc-
ing two rel.atively sWooth surfaces into intimate contact. Plas-
ticity may play an important role on the initial few contacts
for soft materials; however, after the seat is set, very little
plastic flow takes place on subsequent cycles. Proof of this is
shown in the repeated-cycle, etress vs leakage curves on the typ-
ical aluminum valve seat.

7. The deformability of a given valve seat is a function of the
relative "sharpness" of the surface profile. The sharpness
characteristic is broadly described by a peak-to-valley average
slope angle. Similar to a corrugated tin roof, the sharper the
mgle, the more rigid the structure. The deformability is also
controlled by the elastic characteristics of the respective
materials; i.e., modulus and Poisson's ratio. It follows that
under equal loading and test conditions, a rough surface could
leak less than a fine surface. Naturally, the rougher surface
will leak more at initial contact. For example, the curves of
Fig. 16 for h - 6, $- 1/4 degree and h - 4.5, 0- 1 degree
cross at S - 4000 psi; therefore at higher stretses, the in-
itially rougher surface will leak less than the smoother surface.

8. Other than the gross geometry parameters such as land width, scat
diameter, and general seating arrangement, valve closures are not
designed in the full sense of the word. ftgineering drawings do
not, for the most part, specify the real controlling parameters
but only point the way toward a fabrication process. Few valve
seat drawings specify 1/4-, 1/2-, 1-, or even 2 -microinch AA
finish requirements for seats actually requiring these fine
surface finishes for sealing. Consequently, metal valve seats
are bein "deyloped" to meet leakage requirements.
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The limitations of present inspection tools combined with the

prodigious amount of detail inspection reqtiired, among other

problems, preclude specifying exact surface profiles on engi-

neering drawings. As a result, valve seats will continue to

be developed rather than specified, This is economically sound

only if the basic ground work of design is sufficiently thorough

to allow the necessary degree of developtment latitude. In many

cases of valve development, the trial and error process is un-

successful and necessitates complete redesign. In other in-

stances, lengthy development efforts result in it compromise of

the design requirements and functional objectives to meet schedule.

The knowledge provided by this program of the controllixig param-

eters of seating surfaces anti leakage equations will esult in

a greater development latitude through more accurate design and

provide the development engineer with the necessary tools to

point the direction for varying the configuration within the

design latitude to meet specific functional requirements.
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RECOMMENDATIONS FOR FUTURE EFFORT

A review of the material covered in this report indicates that significant

advances in understanding of the mechanism of metal-to-metal sealing have

been made. However, the virtually boundless scope of the field of en-

deavor has necessitated that with the time and manpower allotted only an

extremely small facet be examined. Furthermore, the complexities of real

surface structure have precluded all but the most fundamental approach to

understanding and definition of the pertinent problem areas. The correla-

tion of test and theoretical data noted herein has been encouraging but

it is recognized that the mathematical seat model represents an extremely

simplified or "ideal" condition.

The analysis or interpretation of actual test model surface character-

istics has been quite subjective, and explicit conclusions drawn from

this study are minimal. This is partly because of the limitations of

current inspection equipment and/or methods but also to the physical

limitations of time, manpower, and quantity of test surfaces available.

Only the basic mechanics of the manufacturing processes involved in pro-

ducing valve seat quality finishes have been investigated. The effects

of such variables as grit degradation with use, extent of slurry wetting,

and lap material on the surface structure of lapped parts, are to a great

extent unknown. Moreover, the effort to date has been directed toward

studies of lapped surfaces only while other processes exist which could

produce finishes of similar sealing capabilities.

The effort just completed and reported herein has established the basic

groundwork and potential approaches to further understanding of the

subject. From this basic information, a logical extension of the effort

may be defined. The subsequent paragraphs describe the recommended

areas of future effort.

Preceding Page Blank
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First, a continuation of development of basic seating data for existing,

flat-seated models to fully define the bound of elastic and elastoplastic

metal seating is recommended. Similar information, perhaps not to the

same extent, should be gathered for conical and spherical configurations.

Therefore, the influence of geometry on sealing capabilities may be

evaluated. Furthermore, the effect of common manufacturing discrepancies,

such as out-of-roundness, asphericity and misalignment on valve poppet and

seats may best be investigated on conical and spherical models.

In conjunction with the above, the formulation of additional theoretical

stress vs leakage relationships will be required. Additionally, the

development of an improved mathematical model is necessary to better

approiimate real surfaces being tested. An analysis approach consider-

ing roughness superimposed on waviness is recommended. Analyses of flow

forces and pressure profile characteristics on the conical and spherical

configurations to complement the work already accomplished on flat-seated

geometry is also necessary.

Certainly one of the most important criteria of the functional capability

of a valve seat is the influence of cycling on sealing surfaces. Aside

from certain design rules, the effects of cycling are generally nut fully

considered until the actual hardware and test stages are reached. There-

fore, dynamic cycle tests of selected configu-ations Rre recom -cnided to

obtain a relative comparison of endurance life for various materials,

surface textures, etc. Because the stress vs leakage relationship, as

a function of impact level and number of cycles, is the major test param-

eter, adequate and perhaps somewhat sophisticated instrumentation will

be required.

Continued emphasis on the defining surface finishing processes is neces-

sary. Specific effort should be directed toward methods of minimizing

personal technique influences on finished surfaces to permit some index

for consistency of quality. Detailed examination of all know, constituents
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of a given process may well lead to a better uziderstaijdiiig of the re-

sultant finish, This emphasis should not be limited to the lapping

process but should also include turning, grinding, honing, polishing,

burnishing and wet, blasting, or shot-peening and is recommended as part

of future effort.

In conjunction with the machining process described is the possibility

that plating of poppets or sents will extend sealing life and capabilities.

Already in use to improve static sealing, some evidence exists which indi-

cates that dynamic sealing surface(s) may also be improved through the

use of suitable plating. It is recommended that two approaches be in-

vestigated: (1) the use of a soft nonwork-hardenable material such as

gold or silver which can plastically flow into valleys and scratches of

sealing surfaces with subsequent leakage reduction, and (2) thin coatings

of tungsten or molybdenum which can be chemically converted to a lubricant

state. The latter process will not only tend to fill leakage itterstices

but could provide, through lubrication, increased wear resistance.

A correlation of liquid and gas leakage characteristics for given surface

structures is needed. The accumulation ol theoretical and empirical

data supporting suitable conversion factors would be the most informative

design data, and the inclusion of this effort is recommended.
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APPENDIX A

LITERATURE SURVEY

SCOPE OF SEAKIW

The search consisted of a thorough review of all pertinent index-type

references and available card catalogues thought to be useful in the

Los Angeles aree. Rocketdyne contains a must complete set of indexes

of both periodical and aperiodical literature, and because of their

extensive facilities end capable staff, the search was centered there.

Fourteen technical indexes and five card catalogues were searched under

47 categories. These sources covered both domestic and foreign trans-

lations of reports, articles, bibliographies, texts and graduate theses.

The time spanned by these sources was approximately 1951 to 31 August

1962. Material through the classification of secret was reviewed. The

total number of references extracted was approximately 600. This number

was later reduced to 286 of the most applicable references.

In conducting the search a list of descriptors (descriptive words) and

subject headings was decided upon, modified periodically and systematic-

ally searchC in each index or card c ,,_iiogue. Unfortunately, the

information desired fell into no clear categories and the resulting

descriptors are as diverse and generalized as "fluid flow" and as spe-

cific as "reed valve." On occasion, complete indexes were scanned for

apropos headings, and if any were found they were added to the descrip-

tor list.

Fluid meters and servo control valves were purposefully omitted from

this search. Fluid meters was considered too far removed from the

"valve closure mechanism" type of information. Servo control valves

-were not included because this field has already a wealth of information

available and is, in addition, beyond the scope of the survey. The

reader will, however, note several references to servo valve material
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and fluid flowmeters in the bibliography. This apparent contradiction

came about since some articles, although dealing in servo system coApon-

ents, were not so titled, or if so titled, contained information deemed

useful to other than servo valve designers. This area is certainly quite

"grey," but generally, references dealing predominantly with servo con-

trol aystetm or methods of flow measurement were excluded while refer-

ences such as flapper valve mechanisms, bibliographies, comprehensive

reports, although servo oriented, were referenced.

Soon after the inception of the search, it became apparent each source

had its own methods of indexing material. The same reference would be

indexed under several very different descriptors, the specific descrip-

tor being dependent upon which index wine being consulted. For this

reason, this report contains lists of those descriptors under which

information was found for each of the more fruitful sources.

Card catalogues were searched under all headings referenced and any

others peculiar to that specific catalogue.

ASTIA (Armed Services Technical Information Agency) was searched since

they index most projects sponsored by the Government. This search was

of two parts. The initial search was by ASTIA personnel at Arlington,

Virginia, the second by Rocketdyne personnel at both the hocketdyne

Library an, at the ASTLA office in Pasadena.

The ASTIA card index was searched for the period of 1953 through 1959

(in 1959 the Cumulative Indexes were started). The categuries under

which information was sought were the same as the list of ASTIA descrip-

tors found in the source lists. The ASTIA material covered by the per-

iod of 1959 through 31 August 1962 was reviewed at the Rocketdyne

Library in the Cumulative Indexes and individual biweekly Technical

Abstract Bulletins. Since the ASTIA Cumulative Indexes have ito

abstracts, only lists of reference nvwbers, and because of the prepon-

derance of material listed under Fluio Flow, Fluid Mechanics and Cow-

pressible Flow, all biweekly Technical Abstract Bulletins were 100 per-

cent scanned under Division 9, Fluid Mechanics.
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All reports with IDEP (inter Service Data Exchange Program) classifica-

tions were categorically excluded from the search. These are, by defi-

nition, test reports which were not, deemed applicable to this program

because they are not accompanied by detailed design information Those

1962 ASTIA Technical Abstract Bulletins too recent to be indexed, num-

bers 62-1-1 through 62-3-6 (1 January 1962 through 15 March 1962), were

scanned only through Divisions 9, 26 and 27, Fluid Mechanics, Production

Management and Propulsion Systems, respectively. Experience had shown

these Divisions to be the most fruitful,

SOURCES SEARCHED

The following is a listing of the sources investigated with period

spanned and applicable descriptors for the more fruitful sources.

SOURCE PERIOD

Air Force Scientific Research Bibliography 1950-1956

Applied Mechanics Reviews 1954-1962

compressible flow machine design
fluid machinery machine elements
hydraulic components pneumatic components
hydraulic controls pneumatic controls
hydraulics valves
incompressible flow

Applied Sciences and Technology Index 1951-1962

fluids I iquids
gas flow metals wear
gas leakage pneumatic components
hydraulic analogies pneumaiic controls
hydraulic components sealing
hydraulic controls seals
hydrodynamics valves

Armed Service Technical Information Agency Tabular
Bulletins, Cumulative Indexes and Card Catalog 1953-1962

butterfly valve orifices
check valves plug valves
control valve pneumatic valves
gas leaks pressure regulators
gas seals reed valves
gas valves rotary seals
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gate valves rotary valves
"lobe valves safety valvesnigh pressure valves sealshydraulic valves sleeve valvesmetal seals valves

California Institute of Technology tard Catalogue and
Thesis Index 

1951-196'
Catalogue of United States Government Publications 1951-1962
Chemical Ab, -acts 

1951-1961

flow control of gases valves
flow control of liquids

Engineering Index 
1951-1961

flow of fluids pneumatic controlshydraulic comp.,nents metals wearhydraulic controls sealing
hydrodynamics 

teals
leakage 

vu lveb
pneumatic components wear

Journal National Bureau of Standards 
1951-1959

Jet Propulsion Laboratory Card Catalogue & Literature
Search List, 

1951-1962
National Aeronautics and Space Admin'stration Indexof Te(hnical Publications 

1951-1962
PPcific AeronauticraI Library Usiterm Index -955- 1962
Rocketdyne Card Catalogue 

1951- 962
Science Abstracts Section A 

1951-1962

flow 
pneumatic componentsgases 
pneumatic controlshydraulic components liquids

hydraulic controls

Subject Guide to Book8 in Print 
1961

University of California at, Los Angeles Card Catalogue 1951-1962
United States Government Research Reports 1955.-1962
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ORGANIZATION AND APPRAISAL 01 Till LITELATURE

The literature has been organized under 7 major headings and '24 sub-

headings to ease retrieval and facilitate over-all appraisal. A descril,-

tion of the content of each of the major headings listed below is con-

toined within the bibliography

I ,0 Valve Selection and Evaluation
2 0 Steady Flow Characteristics
3.0 Steady State Forces
4.0 Transient Factors
5 0 Valve Sealing
6.0 Valve Design Data
7 0 Books

The references within each group are listed alphabetically first by

source and then by author,

All but 49 of the 286 documents referenced were examined for subject

content under the various subheadings. In addition to the primary topic,

subject matter which was considered to be useful to valve designers is

noted following the abstract and also referenced within the applicable

subsections. The subjetto foldout after the author index will allow a

ready perusal of the reference subjct matter. An appraisal of each

document has been added noting industry crientation, ( primary fluid

category and hardware description (if any). Where a speciflic valve is

involved the valve closure and seat detail are also noted

Articles and reports considered to be especially timely, comprehenilve

or useful have been asterisked.

(1) "Aircraft" or "industrial" orientation was decided on the basis of
the industry at which the references were directed. If the direc-
tion was uncertain or none indicated, the reference was noted
"aircraft."
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1.0 VALVE SELECTION AND EVAUIATION

This section contains those data considered most pertinent to con-

figuration analysis. It is comprised of both generalized descriptive

matter in addition to highly detailed analyses on specific valve designs.

Broadly speaking, design information about valves which is either gener-

alized or extremely comprehensive is located under the subheadings listed

below. Because of the extensiveness of this section, material contained

therein has been considerably cross-referenced within other sections.

The subdivisions of the section are as follows:

1.1 General Description of Valves and Applications

1.2 Description of Specific Valve Designs and Applications

1.3 Analysis, Design and Test of Specific Valves

1.4 Selected References on Servo Valves

Data within 1.1 is almost entirely descriptive. Here is informa-

tion relative to the advantages and disadvantages of various designs

and how to best utilize them. Subsection 1.2 is on a par with 1.1

except that specific designs are discussed. The material in 1.2 was

considered to contain insufficient data to be placed in subsection 1.3

which contains the most comprehensive reports on specific valve designs.

References on servo valves, subsection 1.4, are of a broad and

general nature. Although this survey was not directed toward servos,

these comprehensive reports have been included because of their applica-

bility, in general, to other valve closure mechanisms. Where servo

valves have been specifically analyzed (in the references) for character-

istics falling under other headings, they are so categorized and will be

found under the 1.4 cross references.

Preceding Page Blank
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General Description of Valves and Applications

1.1-1 CONTROL VALVa. A GUIDE TO THEIR SELECTION AND USE
Befird, C. S.
AUTOMATIC CONTROL
p. 18+,. August 1957

This $rticle shows how system variables influence the final
choice of a valve and where to use it,

"Jndpatrial

1.1-2 HOW CONTROL VALVES BEHAVE
Holzbock, W. G.
CHEMICAL ENGINEERING
66:137-40, #5, 1959

For satisfactory valve operation, consider process and valve
characteristics when selecting control valves.

Industrial

1.1 -,3 SELECT SPECIAL CONTROL VALVES
Holzbock, W. G.
CHEMICAL ENGINEERING
66:139-44, #9, 1959

Bellows Seal: Where toxic or valuable fluids need leakproof
va.ves.
Venturi Throat: Handle high fluid velocities.
Three-Way: For variable-flow mixngo
Diaphragm Control: Easily handle slurries or corrosive fluids.
Butterfly: Large flow at low pressures.
Piston Operated Pneumatic: For high fluid pressures.
Spline Plug: For small flows.

Industrial

1.1-4 FACTORS IN SELECTING VALVES FOR COHMRESSIBLE FLOW
Roth, G. L.
CONTROL ENGINEERING
pp. 46-53, December 1955

- Usually, these factors are importat in selecting a valve:
VALVE SERVICE - ability to withstand extremes of temperature,
pressure, vibration, corrosion, etc., and still maintain
desired operation.
VALVE WEIGHT, which should be at a minimum.
VALVE MAINTENANCE costs; they are mainly functions of indi-
vidual valve design and production methods.
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2 - But application engiopers shoold also stress these points:
VALVE PERFORKANCE CHIACTERISTICS. Are they properly cor-
related with the system's operational characteristics?
System components upstream nud downstream of the valve must
be considered.

3 - Particularly in choosing one of the following valves:
A. Butterfly Valve
3. Slide (or Gate) Valve
C. Barrel Valve
D, Poppet Valve

Industrial, Pneumatic, Flow Control Valvs.

1. 1-5 ALTERNATE VALVE STUDIES, VALVES
MWLean, H. J. et al.
GENERAL ELECTRIC COMPANY, GiEAAL ENGINEERING IABORAT(IRY,
ELECTROMECHANICAL DIVISION
CEL 53. April 15, 1952

Industrial

1.1-6 BASIC VALVE TYPES AND FLOW CHARACTERISTICS
Beard, C. S.
INSTRUMTS AND AUTOMATION.
29.490-502 , March 1956

The flow characteristic of a valve establishes its control
action in service. Here is a thorough analysis of the charac-
teristics of available valves, and a discussion of available
valve types - quick opening, piston, plug cocks, streamlined,
rubber pinch, Saunders Patent., rubber sleeve, butterfly, angle,
rotary piston, rotary disc, slide, remote manual loading, bal
and seat, and low fiow control valves.

.T ,Au 4 ~-,, - 'su Iu t IVl --- i It

1.1-7 FLOW CONTROL VALVES
HYDRAULICS AND PNEUMATICS
14:73-8, July 1961

This article covers basic flow control valve design, performance,
and function in a circuit. It will help circuit designers select
the right valves for cylinder and fluid motor speed control.
Previous articles in t;hij series on directional and pressure con-
trol valves appeared in February and April issues of HYDRAULICS
AND PNEUMATICS.

Industrial, Hydraulic, Flow Control Valves
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1.1-8 PRESSURE CONTROL VALVES
HYDRAULICS AND PNEUMATICS
14-69--77, April 1961

This is the second in a series of three articles of hydraulic
valves. The first article appeared in the February 1961 issue
of IIYDRAULICS & PNEUMATICS and covered directional control valves.
The third article will be published in the June issue and will
describe flow control valves. The series explains basic design
and performauce characteristics. It presents important factors
in selecting the proper valve for a particular application.

Industrial, Hydraulic, Pressure Control Valves

1.1-9 DIRECTIONAL CONTROL VALVES
HYDRAULICS AND PNEtN.ATICS
pp. 55-63, February J961

Hydraulic valves can be divided, according to their function,
into directional controls, pressure control, and flow controls.
This series of three articles will give you an understanding of
basic designs and performance characteristics. It will present
the important factors which you must be familiar with to select
the best valve for a particular applicatAon, and to develop a
circuit to suit the job.

Industrial, Hydraulic, D-rection Control Valves

SJ MIIL EQUIP14KNT HYDRAULICS, A DESIGN PRIhER -- PART 4. VALVES

Beake, R. W.
HYDRAULICS AND PNEUMATICS
14.,81-5, 98, September 196]

--Mobile equipment places severe demands on hydraulic valves. They
.ut be rugged, have good metering characteristics, be versatile,
and require a minimum of service. Mobile equipment circuits
seldom require the precise fixed flows or repetitive cycling of
machine tools. lUowever, they do require accurate metering to
give the operator maximum control over the machine's functions.

Industrial, Hydraulic Valves

1.1-11 WHAT TO LOOK FOR IN AIR VALVES
Morris, A. E.
APPLIED HYDRAULICS AND PNEUMATICS
pp. 67-82, April 1959

How do you find out what's the best air valve for your job? The
snart designer checks more than its mounting dimensions and price.
He wants to know how it works, its design and construction fea-
ture , what it's made of. This comprehensive survey of air valves
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shows basic designs. Understanding each type, and what its
advantages are, will help you design the simplest and most
effective fluid power systems,

Industrial, Pneumatic Valves

1.1-12 BACK PRESSURE - HOW IT AFFECTS VALVE OPERATION
Pippenger, J. J.
APPLIED HYDRAULICS
October 1954

This article deals with the effect of back pressure on hydraulic
control valve design. bib.

Industrial

1.1-13 STANDARD CLASSIFICATION AND TERMINOLOGY FOR POWER-ACTUATED VALVES
INSTRUMENTS AND AUTOMATION
29:898-900. May 1956

Terminology recommended by The Fluid Controls Institute, Inc.

Indus tria 1

1.1-14 SELECTION OF A CONTROL VALVE
Beard, C. S.
INSTRUMENTS AND AUTOMATION
29:2412-5. December 1956

Final selection of the control valve requires consideration of
all the factors discussed in this series. This resume of these
factors is based on the Retommended Practice RP 20.1 of the ISA.

Industrial

1.1-15 MECHANICAL FEATURES
Beard, C. S.
INSTRUMENTS AND AUTOMATI ON
29:698-703, April 3956

Mechanical features of valve bodies must be considered by the
engineer selecting a valve for his job. These features include
end connections, body design, guides, seats, stem connection,
packing gland, seals and radiators.

Industrial
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1.1-16 SELECTION OF CONTROL VALVES
Drockett, G. F.
INS TRUMENT S
June 1953

Practical considerations in selection of a control valve include
body design and construction$ materials of construction, stuff-
ing-box factors, choice of inner valve, and choice of valve
opera tor.

Industrial, Flow Control Valves

1.1-17 CONTROL VALVES
Love, R. E.
INSTRUHENTS & AUTOMATION
pp. 776-7, May 1954

A resume of valve operators and bodies -including basic features,
valve selection, and valve sizing.

ilmdustrial

-1.1-18 TERMINL OF PROCESS CONTROL VALVES
Washburn, W. D. et, a].
I 'STRUMENTS AND AUTOMATION
29:901--3, May 1956

j - - see also ASKE paper 55-A-91

Abstracted from ASME Paper 55-A-91, contributed by the Instru.-
-.Ants and Regulators Division for presentation at the ASME

* DAianond Jubilee Annua eelLCiaoIlNv.1-18, 1955.

Industrial1

1.1-19 VALVES
Edwards, T. W.
POWER
1.05.69-85, June 1961

-The factors in selection... recent advances in materials and
tluid-loss technology ... a study of fluid-end types ... valve

* actuators available .. andci fxially, practical ideas Qfn

-aintenance.

Industrial
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1. 1-20 HYDRAULIC CONTROL VALVES. I-RELIEF VALVES
Pippenger, J. J.
PRODUCT ENGINEERING
pp. 174-81, December 1956

This article is intended to cover the identificaLion, function,
constructiun, installation and maintenance of relief valves in
relation to the circuit as a whole and to help in analyzing and
predicting malfunction and making satisfactory correction. In
some instances it ma. be of assistance in tailoring a valve to a
specific application, bib.

Industrial, Hydraulic Relief Valves

1. 1-21 FLOW CHARACTERISTICS IN CONTROL VALVES AND REGULATOIRS
Leibleich, N.
1952 PROCEEDINGS OF SOUTHWESTERN GAS MEASUREMENT

Industrial

1.1-22 INDUSTRIAL HYDRAULICS MANUAL
VICKERS, INC., Detroit, Michigan
Manual #935100, 1957

Industrial

1.1 CROSS REFERENCES

7.0-2
-3
-4
-7
-9
-12
-13
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Description of Specif c V alve Designs and Ap2lications

.2.~-1 CHECK VALVES
Van Deerlin, D.
APPLIED HYDRAULICS
rp. 711, April 1957

Check vulvis are used to pass flow freely in one direction and
seal tightly against flow in the opposite direction. Here are
ievcrai designs including the relatively new poppet type.

.l'rcraft.. Cb,(k Valve, Swing and Poppet., Metal to Metal & Soft
Se%,

.2 R iUBUTIMNS TO HYDRAULIC CONTROL--6. NEW VALVE CONFIGURATIONS
liR dT-I PERFORMANCE HYDRAULIC AND PNEUMATIC SYSTEMS

Let., S. Y.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
76.905-12, August. 1954
See also paper 53-A-139

In high-performance hydraulic and pnumatic systems, three-way
or four-way valves of very high precision are required. Con-
ventional spool-type valves used for this purpose have been
found to be difficult and expensive to manufacture. This paper
describes a new type of metering orifice and several valve
designs utilizing this netering orifice. These valves have
proved to be considerably easier to make and more trouble-free
than the piston-type design with the same performance. Flow-
force-reduction methods for this type also are described. The
work to be reported here was carried out at, the Dynamic Analysis
and Control Laboratory and was supported by the U.S. Navy Bureau
of Ordnance Contract. NOrd 9661 with the Division of Industrial
Cooperation of the Massachusetts Institute of Technology.

3.4, 3.1, 3.2

Aircraft, Servo Control Valve, Plate

1.2-3 STUDY OF VALVING IN MILITARY RESPIRATORS. 1. OUTLET VALVES
Nuirhead, J. C. et al.
CANADA, DEFENCE RESEARCH CHEMICAL LABORATORIES
DRCL Report 165. May 1954. SECRET
AD 40309

Aircraft, Pneumatic Valve
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1.2-4 SPRING LOADED RELIEF VALVES
Bigham, J. E.
CHEMICAL ENGINEERING
65:133-6, #3, 1958

Here are the factors to consider for correct relief valve dis-
charge under various conditions in process equipment. Capacity
formulas show how to find valve area.

Industrial, Pneum-tic Rel.ef Valve, Direct Ope ratcd

1 -2-5 HOW TO DESIGN A PRESSUMt RELIEF SYSTEMt

Conison, J

CHEMICAL ENGINEERING
67:109-1/t, #/15, 1960

Adequate relief devices but, undersized headers can be disastrous
- proper design can help ensure the safety of your plant. Here
is a new approach.

2.1, 2.3

Industrial, Pneumatic Relief Valve, Direct Operated

1.2-6 VALVE: PNEUMATIC CHECK 3000 PSI
Martin, M. W.
CONSOLIDATED VULTEE AIRCRAFT CORPORATION
Report FZC-4-139(A). 3 June 1954
AD 60779

Aircraft, Pneumatic, Check Valve

1 .2-7 APPLICATION OF THE PUJG VALVE AS A PRESSURE AND FLOW CONTROLLIM
%A#AL A ALL L 0 ITT .i

GAS AGE. 119.29-32, February 4, 1957

Southern Natural's experience indicates the pneumatic plug
valve controller to be a valuable tool in gas pressure and
flow control work.....

Industrial, Rotary Flow Control Valve

1.2-8 CAN 4-WAY SPOOL VALVES BE IMPROVED?
Dodge, L.
HYDRAULICS AND PNEUMATICS
15:80-85, July 1962

As the most widely used valve, the 4-way commands the attention
of many hydraulic designers. These valves perform anywhere froru
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adequately to excellently, yet new demands continually challenge
engineers for new, improved valves. Here are nev, ideas and
designs (some perhaps controversial) for 4--way, spool-type
directional control valves.

3.1, 3.2

Aircraft Hydraulic, Flow Control Valve, Spool

1.2-9 SAFETY AND RELIEF VALVES
Marton, F. D. et. al.
INSTRUlENTS AND AUTOMATION
30.2249-54, December 1957

Proper application of the proper type of safety device requires
knowledge of the types available, and ingenuity in foreseeing
all possible causes for trouble. Here are the available types.

Industrial, Relief Valves, Direct Operated, Poppet, Metal to
Metal Seat.

1,2-10 THE PRESENT STATUS OF HIGH PRESSURE MEASUREMENT AND CONTROL.
PARTS I AND 2

Howe, W. H.
ISA JOURNAL
2:77-9, 109-13, 1955

Valve design for high pressures. bib.

Industrial, Flow Control Valve, Poppet, Metal to Metal Seat,
Very High Pressure.

1.2-1 PUMP AND CONTROL VALVE DESIGN DETERMINED BY MINIMUM COST

Roby, M. A. et. al.

Preprint 3-SF-.60 for meeting of May 9-12, 1960

Based on a survey of several hundred control valve installations,
a series of charts have been developed for selecting the proper
valve and pump sizes to yield the lowest over-all cost for
installed equipment,

Industrial Valve

1.2-12 FRO1PELLNT VALVES IN SMALL LIQUID ENGINES
CA'LIFORNIA INSTITUTE OF TECHNOLOGY, JET PROPULSION LAB-
ORATORY
Literature Search 82. CONFIDENTIAL
July 1958

Aircraft, Propellant Valve
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1.2-13 A HIGH PRESSURE GAS VALVE FOR USE UP TO 3000 ATMOSPIUI'ES
Robinson, D. W.
JOURNAL OF SCIENTIFIC INSTRUMENTS
30:483-4, 1951

A high-pressure gas valve for use up to 3000 atmospheres.

Industrial, Pneumat ic Flow Control Valve, Manual Operated,
1'opIet, Very High Pressure

1.2-14i BUTTER1FLY VALVES FOR 111Gl1 PERF'ORMANCE APPLICATIONS
Dble, D.
MACHINE DESIGN
30;105-9, December 25, 1958

Inherent, advantages have made but,:erfly valves ideal fox- modu-
lating air flow Iii pu-.matic systems, within limits. This
article presents a close look at recent advances in design
which have extended the operational limits of these valves.

2.2, 3.2

Aircraft, 2-Way Flow Control Valve, Butterfly, Metal to Metal
and Soft Seat

1.2-15 A SOLID PROPELIANT GAS GENLAT1NG SYSTEM FOR A SMALL TURBINE-
DRIVEN POWER SUPPLY

Downey, R. B.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DEPT. OF MECHANICAL
ENGINEERING
S. B. Thesis, February 1955

The solid propellant characteristics which were found to be
pertinent, to the operation of a gas generator system are
described. The method which was used to determine the propel-
lant, requirements of a turbine..alternator auxiliary power
supply is presented. The reasons for the selection of a par-
ticulr propellant are given and the development of a suitable
igniter for the system is described. A large portion of the
report concerns the development of a simple type of pressure-
regulating valve for use with propellant gases. The design of
the several regulators which were built, and the modifications
which were necessary to overcome stccessfully such problems as
erosion, overheating, and stability are discussed. An analysis
of pressure-regulator stability is presented. The test, facility,
equipment, test methods and instrumentation are described.

4.2, 5.5

Aircraft, Hot Gas Pressure Regulator
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1.2-16SOLID FUELS AS HOT-GAS ENERGY-SOURCES
Ma nn, R. W.
MASSACHUSETTS INSTITUTE OF TECHJNOLOGY, DYNAMIC ANALYSIS AND
CONTROL LABORATORY
Report No. 122, April 30, 1959

The solid fuel as an energy source for isolated systems is com-
pared with other sources on a specific weight and volume basis.
Chbemical, thermodynamic, and physical properties of the solid
fuel, and 3ts products of combustion are discussed and related to
a design technique by which the grain configuration for specific
applications can be determined. The ignition process is discussed,
as is the problem associated with heat transfer prior to ignition
and during burning. Finially, the design of a hot-gas pressure
regulator is described and several solid fueled devices developed
at D.A.C.L. are referenced.

4.2, 5.*, 6.2

Aircraoft,, lot Gias Pressure Regulator, Poppet, Metal to Metal Seat

1.-1 LL'EF VA LVE S
KoaIsi S.

MILE D~ESIGN AND DEVELP4EN''
pp). 64~-6, Junxe 1960

,,,This article c ompa rees the characterist-ics of conventignal nr

113yerted type relief va Ives4, bi1b.

Aircralft, Relief Valve, D iLrect. Operated, Poppet

1.-8DESIGN kkM DEVELOPMENT OF THE HIGH TEMPERATURE FUjEL1 VA U1. VTNT
NALIVE

NORTH AMEICAN AVIATION, INCOR~PORATED, DOWNEY
R*eport, N,-) AL 2674, September '957
Contract AF 33(600)28649
AD 147818

This report documents the design and developrent. of a h igh-
temperature vent, valve capable of operating in an 800-F almos-
\perand of piss.ing 4 lb/sec of fuel vapor at, an inlet pressure,

of 30 psia aiqd with a pressure drop of le3s than I psi. The
A1eakage requirement acrows the seat when in a closed position is
amaximum of 1100 scfm wi. h an inlet pressure of 30 psia, an out-

let, pressure of 0.5- psia, and a valve actuation pressure o f

:2.2, 2.5

Airrf, Pnu'i etValve, Remote Pflot Poppet, Metal to
)Keta e A-18



1.2-19 DESIGN AND DEVELOPMENT OF ABSOLUTE PRESSURE REGULATOR AND VENT
VA LVE

NORTH AMERICAN AVIATION, INCORPORATED, DOWNEY
Report AL 2729, October 1957
Contract, AF 33(600)28469

The development, operation, cons tuent parts and analyses of a
pressure regulating valve are de ribed. Purpose of the valve
is to maintain compartment. absol, e pressure between 15 ond 17
psia. The present design evolved from valves used in X-1O and
XSM-64 missiles, but differs from them in that, it acts as a pres-
surizing as well as a vent. valve. No models of the latest design
were constructed, but it is believed that all functions of the
valve would meet specifications. An outline of the proposed
functional and environmental tests is included.

Aircraft, Pneumatic Vent Valve & Pressure Regulator, Piloted,
Poppet, Metal to Metal Soft Seat,

1.2-20 THE DEVELOPMENT OF AN ELECTRO-PNEJMAT1C VALVE
Madigan, M. F.
PLESSEY COMPANY LIMITED, GREAT BRITAIN
Interim Report. Report PL.G.W. 35. May 1954. SECRET
AD 39226

Aircraft, Pneumatic Valve

1.2-21 VALVE FOR GAS SERVICE TO 50,000 POUNDS PER SQUARE INCH
Mills, R. L.
REVIEW OF SCIENTIFIC INSTRUMENTS
27:332-4, 1956

This article describes the design of a very high pressure hand
valve, bib.

Indastrial, Pneumatic, 2-Way Flow Control Valve, Manual Operated,
Poppet, Metal to Metal Seat,

1.2-22 EVALUATION OF HIGH TEMPERATURE VALVE DIAPHRAGMS AND SAUNDERS
TYTE VALVES DEVELOPED UNDER CONTRACT

Lemp, J. F. Jr. et al.

U. S. ARMY CHEMICAL CORPS, BIOLOGICAL lABORATORIES
BWL Technical Memo 2-31. January 1959
AD 252406L

Industrial Valve
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1 .2-23 EVALUATION OF THE ECLIPSE-PIONEER MODEL 845449 PROPELLANT VALIE
ASSEMBLY

Brown, P. et al.
U. S. NAVAL AIR MIShSILE TEST CENTER
Technical Report 79. May 1951
AD 140714

An evaluation of the Eclipse-Pioneer Model 845449 Propellant-Valve
Assembly as a component of a lARK propulsion system has been t&de.
The evaluation combined a theoretical analysis of vailve operating
characteristics with supporting data obtained from bench tests.
It is concluded that the valve assembly is ursatisfactory in its
present configuration, but probably could be made acceptable by
incorporating several modifications.

2.2, 3.3

Aircraft, Propellant, 2-Way Flow Control Valve, Remote Pilot,
Poppet, Metal to Metal Seat

1.2 CROSS REFERENCES

1.4-2 6.2-1 7.0-4
-4 -2
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Analysis, Design and Test of Speclfic Valves

*1.3-1 DESIGN, DEVELOPMENT AND TESTING OF MULTIPLE-PASSAGE PNEUMATIC

SOLENOID VALVE AIRESEARCH PART 319152 VOLUMES I AND 11
Horacek, H. P.
AIRESEARCIt MANUFACTURIING COMPANY
Report No. AE-7474-R, Volumes I & 2. July 1960
AFBMI) TR 60-179 Vo.iumes 1 & 2
Contract AF 04( 17) 1,
AD 243350 and AD 243351

The multiple-passage soit-noid valve configuration developed con-
sists of a four-way valve (ontrolled by an integrally mounted,
internally vented, solenoid-operated pilot valve. Both the main
valve and the solenoid valve employ double poppet and seat
arrangement. The solenoid coil dtveloped is capable of opera-
tion over a temperature range of -320'F to +250*F with no
appreciable change in zurrent. The valve is designed for oper-
ation with cryogenic fluids in ballistic missile pressurization
systems, and is capabie of operating with inlet pressures up to
5000 ps ig.

2.2, 2.5, 3.3, 4 a , 4.3, 5.3, 6.2

Aircraft, Pneumatic, Solenoid Operated Valve, Pilot Operated,
4-Way, Poppet, Metal to Metai Skat

1.3-2 DESIGN, DEVELOPMENT AND TESTING OF NON-MODULATING PRESSURE
CONTROL VALVES, VOLUMES I T0 11

Smith, L. K.

FREBANK COMPANY
AFBSD TR 61-71 Volumes I to 3 De(ember 1961
Contract AF 04(64J7)429

AD 273063, AD 273064 (for Volumes I and 2)

The purpose of the program was to d(velop highly reliable gas
pressure control valves using the Blleville spring snap-action
concept. The developed units would be simple, rugged, highly
vibration and t(ruperatture its;stant, and suitable for missile
or spacecraf., applicatj.on,.

The design and developme-nt of a iegulator and relief valve are
described. Results of demonstration tests for the relief valve
are given. C inclusions of test results are stated, together
with recommend!tions for furthei dcvelopment.

The program is described in three volumes. Volume I describes
in detail the design and development of a regulator and relief
valve. Volume II provides detailed drawings, assembly proced-
ures, specif)cations, and at) earlier technical note issued
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during the initial phase of the program. Volume III presents
a detailed mathematical analysis of the snap action regulator
prepared by the Aeronutronic Division of the Ford Motor Co.

2.2, 2.5, 4.1, 4.2, 4.3, 5.3, 6.2

Aircraft, Pneurmatic, Direct Operated Relief Valve, Poppet,
Metal to Metal Spherical Seat.

1 .3-3 DEVELOPMENT OF A VERY QUICK ACTING ELECTROHYDRAULIC VALVE
Read, F. W.
GREAT BRITAIN, ROYAL AIRCRAFT ESTABLISHM4ENT
Technical Note IAP 1030. June 1954

Aircraft., Hydraulic

1.3-4 ANALYTIICAL AND EXPERIMLNTAL STUDY OF TRANSIENT RESPONSE OF PRES-
SURE REGULATING RELIEF VALVE IN HYDRAULIC CIRCUIT

Gold, H. et al.
NATIONAL ADVISORY COIIITTEE ON AERONAUTICS
Technical Note 3102. March 1954

Aircraft, Hydraulic, Pressure Regulator & Relief Valve

*J .3-5 DESIGN AND DEVELOPP4ENT OF THE XSM-b4A BOOSTER LIQUID OXYGEN

~T~VENT VA LVE
NORTH AMERICAN AVIATION, INCORPORATED, DOWNEY
Report No. AL 2671. September 1957
Contract AF 33(600)28469
AD 158018

The history, description, analysis, and development, of a pneu-
watically vassisted valve for venting the liquid oxygen tank is
described. Alth'ough intended to vent oxygen vapors from a
guided missile, tve design is adaptable to the venting of any
large liquefied gas tank, either grounded or airborne.

The final valve design has a maximum venting rate of 60 lb/sec
of oxygen vapor at. 45 psig inlet pressure. It. is designed to
operate at, ambient temperatures of -40*F and *165*F and fluid
temperatures as low as -320"F. The valve was designed to vent
tank pressures between 0 psig and 45 psig, the cracking pres-
sure being a function of the pneumatic actuation pressure
supplied to aid the spring. The design is satisfactory for
all standard airborne and ground environmental conditions.

The principal conclusion reached is that valves having these
requirements should use pneumatic actuation pressure in con-
junction with spring forces to give the proper force balance
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under all operating conditions. Another conclusion is that the

Teflon dyp.mmic seals described are superior to heated "O-rings.

2.2, 2.5, 3.2, 3.3, 4.1, 4.2, 5.3, 6.2

Aircraft, Cryogenic, Vent & Relief Valve, Pilot Operated,
Popp',t, Soft Lip Seal

*1.3-6 DESIGN, DEVELOPMENT AND TESTING Or ADVANCED PNEUMATIC SOILENOID
VALVE (SINGIr PASSAGE) PART NO. 4683-59302

Bachs, C. P.
NORTH AMERICAN AVIATION, INCORPORATED, DOWNEY
Report No. MD 59-79. AFBMD TR 59-18. November 1959.
AD 232180
Contract AF 04(,647)160

Design, development, operation, and analysis of a single-passage
pneumatic solenoid valve are described. Results of performance
demonstration, flight rating, and qualification tests are given
and analyzed. Standard test equipment used is listed, anxd
descriptions are given of procedures and arrangements for
special tests such as combined environment and limit tests.
Connlusions derived from test results are stated, along with
recommendations for further development.

2.2, 2.5, 3.3, 4.1, 5.3, 6.2

Aircraft, Cryogenic, Pilot Operated Solenoid Valve, Poppet,
Metal to Metal Spherical Seat

1.3-7 DESIGN, DEVELOPMENT AND TESTING OF ADVANCI PNEUMATIC SOLENOID
VALVE (SINGLE PASSAGE) PART NO. 4683--59302

Bacha, C. P.
NORTH AMERICAN AVIATION, INCORPORA.TE_, DW Y
Report MD 60-98. AFBMID TB 60-203. September 1960
Contract AF 04(647)160
AD 249079

This work supplements report AFBMD-TR-59-18 (MD 59-79) on
design, development, and testing of the single-passage solenoid
valve. Results of tests with RP-I, liquid nitrogen, liquid
hydrogen, and helium (at liquid hydrogen temperature) are
reported, and design improvements incorporated during fabrica-
tion of a second lot of valves are described. Previously pub-
lished documents, including the equipment specification, test
procedure, lapping and assembly processes, liquid and low-
temperature test requirements, and the solenoid specifications
are included.

See 1.3-6
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*1.3-8 DES IGN, DEVELOPMENT AND TEST ING OF A LIQUID HYDROGEN TANK VENT
AND RELIEF VALVE

Neal, A. E. et, al.
PARKER AiU4CRAFT C OI4AN Y
Rep'ort. 560R1616. AFFTC 111 60-71. December 1969
Contract AF 33(61b)6710. Projet 6753
AD 259086

A oumar- it presented of the design and de- lopment. of a liquid
H propellant tank vet, Lind relief valve for use in rocket pro-
pulsio isystemt, mibsiles, and sipace vehicles. A study was
made of the physical properties of liquid H aind the properties
of mtiterialo at. 'liquid H temperatures. Materials were chosen
to ensure the reliability, minimum weight., and low leakage of
this tomponent.. The val idity of the valve concept, as a pres-
sure (ontrol device was well established. A valve war developed
with a high degree of steady state accuracy, adequate response
(hujr( teristics, and consistent crack and reseat. harateris-
tics within the spekif ted operdting temperature range. An ade-
quate and simple meens of thermal cow'pensation of an absolute
pressure reference device was developed. Satisfactory operation
at -.420 F of a valve secit. with low seating force and of Mylar
diaphragms wets demons tro ted.

2.2, 3.3, 4.1, 5.3.. 6.2

Aircraft, Cryogenic, Vent. & Relief Valve,#, Pilot Operated Poppet,

Metal to Metal Flat. Seat

1i.3-.9 DSGN, DEVELOPHENT AND TEST INGi OF A LIQU ID I1YDIWGEN SHUTOFF

k:... VA LVE
Hughes, P. R. et al.
PARKER AIRCRAFT COMPANY
iR4port. s6uat617. AFFTC TR 60-72. December 196~0

C.ontrail AF _531'008-10. Projct b753
AD 259087

Research concerns the development, of a liquid hydrogen s9hutoff
valve for use sn a rocket, propulsion~ system of a missile or
space velciic i.e. A study was made of the physicL properties of
liquid hydrogen and the properties of materials at liquid hydro-

gntemperatures. The prime design objectives for this compon-
ent weie reliability of operation, minimum weight., and low

ileakage. The validity of the valve concept us a liquid hydrogen
shutoff device was well established by development testing of

-1tbe elements of the final. unit. The program has resulted in a
-valve design with eist-entially zero leakage at. the specified
.operating temperatures. The valve seat configuraition that pro-
duced this result was a spherically lapped metal poppet. and
seat with relatively high unit. oeat loading. Satisfactory
operation of a bydravtically formed bellows for use as a high
presoure actuator vakk demonstrated. Development, testing of
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components was accomplished with liquid hydrogen. Relatively
simple and economical test equipment was used. This was ade-
quate for conducting small scale tests with liquid hydrogen.

2.2, 4.1, 5.3

Aircraft., Cryogenic, Shutoff Valve, Pressure Actuated, Poppet,
Spherical Metal to Metal Seat

1.3.10 GAS REGULATOR DESIGN STUDY
Borchert, W. 0. et al.
REACTION MOTORS INCORPORATED
Final Report. RMI-493-F. March 1953-May 1954
Contract AF 33(600)23215, AD 70704

Aircraft, Pneumatic, Pressure Regulator
mI

1.3-11 DEVELOPMENT OF GAS REGULATOR
Chamberlain, R. E. et al.
REACTION MOTORS INCORPORATED
Final Report. Report RMi-062-F. WADC YT 57-734
March 1953 to August 1956
Contract AF 33(600)29801
AD 142700

Aircraft, Pneumatic, Pressure Regulator

*1.3-12 ANALYSIS, DESIGN AND DEVELOPMENT OF HIGH-FLOW HELIUM PRESSURE
REGULATOR

ROBERTSHAW-FULTON CONTROLS CO., AERONAUTICAL & INSTRUMENT
DIV., FLUID CONTROLS ENGINEERING DEPT.
AFBmI-TR-60-72(1). June 1960

This two-volume technical report describes the work done under
contract AF 04(647)161. The work performed includes analysis,
design, development and test of a high-flow helium pressure
regulator for ballistic missfle propulsion system pressurization.

Volume One covers the major aspects of the program, and includes
three basic subdivisions of effort:

1. An account of extensive dynamic control analyses performed
on the developmental regulator systems, using analog
computers.

2. The design and development work.

3. Testing accomplished on various regulator configurations.
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Volume Two covers two anulyltical studies of the charging and

venting of single and double volumes through nozzles. This
material is presented separately for convenient reference.

4.2, 4.3, 5.2

Aircraft, Pneumatic, Pressure Regulator

*1.3-13 DESIGN, DEVELOPMENT, AND TESTING OF ADVANCED HELIUM PRESSURE

REGULATOR, PART NO. 551302
ROCXETDYNE ENGINEERING
Rocketdyne Report R-2175
AFBMD-TR-6055, July 190
Contract AFO4(647) lbO

The purpose of this program was to develop a component, which
would advance the state of the art of gaseous helium pressure
regulators.

The engineering analysis and design of the component are pre-
sented. A description of test facilities, test and development
procedures, and the results of development, Performance, Demon-
atration, Flight Rating, and Qualification Testing are given
and analyzed. Conclusions derived from test results and recom-
mendations for future design improvements are presented. In
Volume 2, complete detail and assembly drawings, certain speci-
fications, and official test. data are presented.

2.2, 2.% 3.3, 4.2, 5.2: 5.3, 6.2

Aircraft, Pneumatic, Pressure Regulator, Poppet,, Metal to Metal
Sea t

*1.3-14 DESIGN, DEV LOP.MEN, AND TESTING OF ADVANCED LIQUID 0XYGE7N

TANK VENT AND RELIEF VALVE, PART NO. 551430
Tomlinson, L. E. et. al.

* ROCKETDYNE ENGINEERING
Rocketdyne Report R-.2175
AFBHD-TR-60- 55, Mkr(h 1960
Contract AY04(647)160

The purpose of this program was to develop a component, which
would advance the state of the art of liquid oxygen tank relief
valves. The engiueering analysis and design of the component
are presented. A description of test facilities, procedures,
and the results of development., per crmance demonstration,
flight rating, and qualification testing is given and analyzed.

Conclusions derived from test results bnd recomendations for
future design improvementis and applications are presented.

2.2, 3.3, 4.1, 6.2

Aircraft., Cryogenic, Vent and Relief Valve, Pilot Operated,
Poppet, Soft Seat A-26



1.3-15 DESIGN DATA FOR REDESIGN OF SUBMARINE HYDRAULIC VALVES AND
COMPONENTS

Hockenhull, I. et al.
U. S. NAVY, PORTSMOUTH NAVAL SHIPYARD
Technical Report 1,-11685. June 1955
AD 82637

Aircraft, Hydraulic Valve

1.3 CROSS REFERENCES

1.4-2
-4
-5
-6
-7
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Selected References on Servo Valves

1 .4-1 COMPARISON OF HYDRAULIC, PNEUMATIC AND EIUCTRO-MECHANICAL SERVO
SYSTEM: EVAWATION OF SERVOS

CALFORNLt INSTITUTE OF TECHNOLOGY, JET PROPULSION LABORATORI
Literature Search 312. UNCLASSIFIED Witb C(IFIDENTIAL
supplement February 1961

1 .4-2 HYDRAULIC AND SERVO CONTROL VALVES, PARTS I THROUGH 7
COOK ELECTRIC COMPANY, COOK RESEARCH LABOIATORY
WADC TR 55-29

PART I - April 1955
Contract No. AF 33(b16)247
AD 70616

A summary of the present, state of the art of electro-hydraulic
servo valves suitable for aircraft and missile application is
presented. Tb;s information was obtained from direct visits
to both the valve manufacturcrs and the valve users; namely,
the missile and aircraft manufacturers. The valve manufacturers
were contacted to obtain detailed design and pcrformance data
on the valves; the valve users were contacted to determine the
-system and valve requirements and to determine how adequately
the valves presently being used meet these requirements.

A brief description of the prii.iple of operation of serio
-valves, in addition to a discussion of the various types, is
also presented to provide a background for interpreting the
data.

Aircraft, Hydraulic, Servo, Flapper and Spool

PART 2 -- August. 195b
Contract No. AF 33(b1)2447
AD 97222

Static and Dynamic test, procedures for testing ele(tro-Hydraulic
servo valves are developed. Descripticis are presented of tests
on nine servo valves, including three Mt)og valves, two Bell
valves, one Cadillac Gage flow control valve, one Cadillac Gage
pressure control volve, one Midwestern valve and one MIT hole

and plug type of valve. All test data are presented in graph-
ical form. An analysis of test results and a listing of servo
valves are also presented.

4.2

Aircraft, Hydraul1ic, Servo, Flapper and Spool
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PART 3 - April ]957
Contract No. AF 33(616)3341
AD 118285

A state-of-the-art summary describing the electrohydraulic
valves which have been brought Put in the last two years is
presented. Valves brought out prior to this are described
in WADC TR 55-29 Part 1. Some of the manufacturing problems
are reviewed.

A summary of information -compiled from visits to aircraft and
missile manufacturers is also prescnted. Their comments as to
the performance of the valves presently used in their vehicles
are reviewed. In addition, a general discussion of system design
procedures plus a listing of typical system characteristics is
presented.

1.2

Aircraft, Hydraullc, Servo, Flapper and Spool

PART 4 - August 1957
Contract No. AF 33(616)3341
AD 204815

This report deals with the folowing four investigations:
(1) Experimental verification of linearized analysis as applied
to electrohydmuhic servo valves,
(2) Investigation of the gain compensation of servo valves,
3 Analog study of a typical missile system, and
4 Test of three new electrohydraulic servo valves.

4.2

Aircraft, Hydraulic, Servo, Flapper and Spool

PART 5 - August 1958
Contract No. AF 33(616)5136
AD 208266

Analog computer simulation of an electrohydraulic servo valve,
investigation of pressure control valves, and design of a high-
temperature test facility are discussed. Analytical relations
are developed which describe the internal nonlinear operations
of the valve. These equztions are mechanized on an analog com-
puter and the results verified for static conditions.

The advisability of using a pressure control valve aa opposed
to 9 flow contcol valve in closed loop operation is investigated.
The developnient of a pressure control valve transfer function
and experimental verificution of the analytical results is
included. The requirements for a valve testing facility capable
of providing and utilizing oil at 750*F, and an ambient tempera-
ture up to i200°F, are presented.
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1.3, 2.2 2.4, 3.2, 4.2, 6.2

Aircraft, Hydraulic, Servo, Flapper and Spool

PART 6 - November, 1958
Contract. No. AF 33(616)c5136
AD 211733

This report is divided into four sectlions. D'esign and operatlip
of a t~est, fixture initended for analysis o' servo vralve operation
under various levels of oil contamination are described,, Infor-
fmtion on servo valve life and reliability, as obtained from
valve manufacturers and users, is pro~sented, and the various
~des~gn features infliiw:ning reliability are discussed. De sijgn
and construction of a vdlve-,actuator assembly for usip in a
nuclear radiati~on environment are descri.bed, and test, results
on thbis uiiit under gamma radibtion are present-ed. A series of
evaluation tests w*as run on one unit, eacli of three new types of
valves, and the tebt, results are presented t~nd discussed.

5.14, 5.5, 6.2

Aircraft, Hydraulic, Servo, Flapper arrid Spool

PART 7 January 1959
Contra( i. No. AF-33(blt)5136
AD) 231657

Thiq report is divided int-o thbree sections. The first, includes
a discu~sion of valve Iiilure and. wfar mechan isms as t~he result,
of ('ontaininated oil, and description, plus test, results on cer-
Ia ir valves which *,hould, tend to reduce such failure. The time-

,,odulated valve an~d on mintegca valve-actutator unit were tested.
In Setioz 2, restilt~n of part ic~ counts on oil from operatlontal
v e rrf t are pre.4ented, suggesied, maximuni ai lowable counts are
g"en an ifo ~~,jW Vav!i Lip., vros levels of

I cont~aminat ion outlined. Results of operating a stervo valve
And i, t a load oider riuc lear irradiat ion at a Convair, Fort. Worth

4 ~reaL'tok are pre, euted arid disd'ssed, it) the third set~ion.

5.4, 5.5, 6.2

4rered.. f yd tau I i c Servo, Flapper and Spool

j.1.,4-3 HOT AS StBVOMECIIANISM TRE(MY A;D TECHN.OLOGY, AN ANNOTA KkD

LOCIGEMED AIRCRIUFT MORAT I OIN
Sid 61-57. Ileporl No. 3-80-61-311. OctOber 1961
Con t: ract, NOrd 17017
AD 269242
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A selected list (60) of annotated references on hot gas servo-
mechanisms including design, analysis, components, and experience.
Some references are to classified reports with unclassified
titles, and these are not, annotated so that this bibliography
may be more widely circulated. Selected items in related areas,
such as pneumatics are included.

Aircraft, Pneumatic, Spool

*1.4-4 FLUID POWER CONTROL
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DYNAMIC ANALYSIS
AND CONTROL lABORATORY
Contract AF 33 (616)2356. CONFIDENTIAL
Quarterly Progress Report, No. 1, Series B. February-April
1954. AD 50931
Quarterly Progress Report No. 2, May-July 1954. AD 63791
Quarterly Progress Report No. 3, Series B. August-October
1954. AD 63792
Quarterly Progress Report, No. 4. Series B. November 1954-
January 1955. AD 71265
Quarterly Progress Report No. 5. Series B. February-
April 1955. AD 68074
Quarterly Progress Report No. 6. May-duly 1955. AD 71948
Contract AF 33(616)2356 and Contract AF 33(61b)3173.
CONF IDENT IA L
Summary Report. February 1954 De(ember 1955. AD 89064
Contract AF 33(616)3173
Progress Report. De(ember 1955-March 1957. AD 132287
Summary Report. WADC TR 58-596. March 1957-September 1958
AD 219895

1.2, 1.3, 2.1, 2.2, 3.2, 4.2

Aircraft. Hydraulic, Pneumatic, Servo. Spool, Flapper, Jet-Pipe

1.4-5 BASIC RESEARCH AND DEVELOPMENT IN FILUID P(ER CONTROL FOR U.S.
AIR FORCE

Shearer. L. L.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DYNAMIC ANALYSIS
AND CONTROL LABORATORY
WADC TR 59-275, October 1958-January 1959
Contract AF 33(616)6120
AD 215853

In connection with many of the control problems anticipated in
the development of future systems for the penetration of space
and effective aeployment of various kinds of space vehicles, a
number of investigations are being carried out on gas-operated
systems. This program, coordinated with the activities of the
Flight Control Laboratory, Wright. Air Development Center, Ohio,
is aimed at. epplcations involving hot-gas control systems to
meet alJvancei system requirements.
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Among thbe most, serious problems involved in the development of
hot ga systems are; (1) finding simple yet, effective meane of
controllin~g the flow and/or piressure of hot-gas power; (2) devel-
oping fast-response servomo:,ors to operate on hot gas with a
minimum of static or stick-slip friction; and (3) gaining a
better understanding of the factors which can cause dynamic
instability of components and/or complete systems. Some aspects
of each of these three major problem areas are discussed in the
following parts of this report whirh describe the work currently
underway on this c'cntract.

1.3, 2.2

Airti'aft, Pneumatic, Servo, Flapper

*1.4-6 BASIC RESEARCH AN]) DEVELOPMENT IN FLUID POWER CONTROL FOR THE
U.S. AIR FORCE

Mann, J. R., et al.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DYNAMIC ANALYSIS AND
CONTROL LABORATORY
Contract, AF 33(616)6120. Project 8225
Progress Report No. 12 WADD TR 59-491 February-Mlay 1959
AD 229465
Progress Report, No. 3 WADD TR 59-7. June-September 1959
AD 232965
Progress Report No. '7 WADD TR 61-79. August 1961
AD 267050

This report, describes continuing applied researchi and develop-
ment, work on problems vital -to the design and development of
high performance hydraulic and pneumatic control equipment for
advanced systems. Increased emphasis on high pressure pneumatic'
components and systems reflects the approach to an ultimate
objective of employing hot-gas power to operate such syitoems.
Control valves, relays, servomotors, gas bearings, fluid power
and signal transmission, hot-gas contamination, hot.-gas gyros,
and techniques of control are the major items discussed in
this report..

1.3, 2.2, 3.2, 4.2

Aircraft, Pneumatic, Servo, Flapper, Jet-Pipe

1.4-7 OPTIMUM DESIGN PARAMETER OF .A PNEJ14A&TIC JET PIPE VALVE
Reid, K. N. Jr.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DEPARThiENT (}F
M4ECHANI CAL EN GniNElIjG
Thesis. June '1960

The pneumatic systems designer muet have available the pr-e±isure-
flow displacement characteristics of pneumatic valves. Ont.e
these character istics are kowi, the valves can be 1,rratefl
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analytically in the design of fluid power circuits. This paper
presents experlmental pressure-f iow displacement relationships
for a conventional jet-pipe valve operating with compressed air.
The ratio of the jet-pipe nozzle diameter to the receiving hole
diameter, the jet-pipc nozzle to receiving hole spacing, and
the pressure level of the jet-pipe supply are discussed as to
Otheir effect on the over-ail iharacteristics of the valke.
Optimum design conditions aue establiied on the basis of a

maximum power transfei (riterion, The jet-pipe valve is compared
with other typical vaives from the standpoint of power transfer,
reliabilit, and load sensitivity.

1.3, 2.2, 2.5, t.2

Aircraft, Pneumatic, Servo, Jet-Pipe

1.4-8 A STUDY OF PNEUMATIC AND HYDRAULIC SERVOMECHANISMS
Chelomey, V. N.
U. S, AIR FORCE SYSTEMS CO4AND, FOREIGN TECHNICAL DIVISION,
WR1GIT PATTERSON AIR FORCE BASE
Tiranslation No. FTD-IT-61-107. 14 December 1961

From Avtomaticheskoye Upravienie i Vychislitei'naya Tekhnika,
Moscow, pp. 166-81, 1958
AD 268864

In the present article we examine question in the theory of
pneumatic and hydraulic servomechanisms, with valve distribution,
used as steering mechanisms.

Aircraft, Servo

1.4 CROSS REFERENCES

1.2-2 2.2-3 3.1-1 3.2-i 4.2-1 5.4-1 7.0-4
-,5 -2 -2 -2 -3 -7
-10 -3 -3 -4 -4

-4 -5 -6 -5
-5 -8 -7 -6
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-15
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2.0 STEADY FLOW CHARACTERISTICS

This section contains references dealing primarily with gross

fluid flow. The subdivisions are as follows:

2.1 Flow Through Single Elements

2.2 Flow Through Valves

2.3 Flow Through Composite Systems

2.4 Valve Sizing Formulas

2.5 Internal Passage Design for Flow

2.6 Cavitation and Other Flow Phenomena

Subsection 2.1 contains pertinent data on flow through orifices,

nozzles, venturis, fittings, pipe lines, etc. Material containing

analysis and/or test information on valve flow such as discharge coeffici-

ents or partial open flow characteristics is located within subsection 2.2.

System flow and the analysis of the system effect on the valve or the

converse is covered in subsection 2.3. All literature specifically

describing or proposing formulas for either valve sizing or specification

is contained within subsection 2.4. Cross references in this subsection

apply only to those articles or reports which suggest original approaches.

The criteria for classification under 2.5 is that the material must con-

tribute significantly to the detail design considerations of the subject.

Material having detail design information (i.e., detail drawings) accom-

panied with flow test data has been cross referenced in 2.5. Material

on cavitation and other flow phenomena is contained in 2.6, however, if

the material was equally divided in subject content, the higher category

took precedent (e.g., "Cavitation and Flow Forces in Butterfly Valves"

would be found under 3.2, Flow Forces). Cross reference should be

reviewed accordingly.

Preceding Page Blank
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Flow Through Single Elements

2.1-1 FLOW THR(UGCH ANNULAR OIICES
Bell, K. J. et at. VTONAMERICAN SOC'ETY OF MECHANICAL ENGINEERS, TRANWCIN
79:593-b01, April '1957

Coefficients for the annular orifice formed between a circular
disk and a cylindrical tube are reported for twenty-one orificee
having disk diameter to tube diameter ratios in the range of
0.95 to O.996, and orifie ienjgthi-towidth ratios from 0.118 to
33.3. The orifice Rey-nolds-number range is from 2.0 t~o 20,000
for both tangent and concentric orientations of the disk. Com-
parison with previous data indicates that the results also apply
to the annular orifice formed when a rod extends through a cir-
cular hiole in a plate. Theoretical and semi.-empirical equations
are developed to predict. coefficiento for annular orifices.

Industrial

2.1-2 DISCHARGE COEFFICIENTS OF SMALL DIAMETER ORIFICES AND FLOW NOZ-
ZLES

Grace, H. P.
AMERICAN SOCIETY OF,,MECHANICAL ENGINEWLS, TRANSACTIONS
73,-39-47, 1951

Dibcarge coefficientt; were determtoed i r a standard I-mn, pipe
Ir tik-plate and knife-edge orifzces of 1/32-in, o3.i
dia., and for critical (taopi() fj towinozzles of 1/32-,in, t~o
1/4-in. dia. With properly ccjnstructed knife--edge corifices, the
discharge coefficiets were es'tablished with ±0.5 Peirce ,t for
all sizes, b, th smali orifices~ of 1/4 to ]-hoie-dia. thick-
ness, thc discharge coeflictewits were niot reprodu~tcibLe. Thick-
plate orifices (i-hole-.dia. thitk) were found to be as good or
better than nozzi is in con~tt~nt- o4 6i(barge coeffcients wben
used under critical-flow (9nditoQA1

'Indust-1,idts, Pneumatic

*.2.1-.3 CRITICAL PLOW THR%-E(,f SHARP' EDED(RICES
Fer'ry, A. J. Jr.
AMERICAN SOCIETY OP~ MCAN1CAL ENGIVNEER~
Naper 48-A -146 for Meeting November 2.8, 1948

'in iiveetigatiori was made to diz4cover -the f Iowr rates of air
thrungb khutArp-.edged1 orifices in wh,. chi the pre'esure drop was
below t~he c.iticaj, the r~plationshp of pressure, temperature,
.mnd oritice area; and a comparisoxi between the nozzle and tb
-orifice. L!quations are derived for expresi, g orifice flow in
b~ojh the fritical and ,ubriticall iegiozn.



2.1-4 STUDY OF FLUID FLOW THROUGH FLEXBIL ORIFICES
Ulrich, R. D. et al.
ASHRAE JOURNAL (American Society of Heating, Refrigerating,
and Air Conditioning Engineers).
3:63-70, October 1961

A method is developed for predicting the flow rate-pressure drop
relationship for a given geometrical situation and rubber hard-
ness for a flexible orifice.

Industrial

2.1-5 WHERE COMPRESSIBILITY MUST BE CONSIDERED, CALCULATE FLUID FLOW
BY BASIC EQUATIONS

Polentz, L. M.
CHEMICAL ENGINEERING
64:282, 284, 286, #8, 1957

Problems show how to account for thermodynamic effects for com-
pressible fluid flow through pipelines and orifice*.

Industrial, Pneumatic

2,1-6 BASIC EQUATIONS ARE FASTER AND ACCURATE
Polentz, L. M.
CHEMI CAL ENGINEERING
64:270, 272, 274, 276, #7, 1957

This article presents a summary of pipe flow relationships. bib.

Industrial, Pneumatic

*2.1-7 FLOW OF FU IDS THROUGH VALVES, FITTiNGS, AND PIPE
CR, E COWA Tv

TP-409, TP-410. 1956, 1957

This is a comprehensive handbook on fluid flow covering the more
practical aspects of flow through pipe, valves and fittings.
Exainples of solutions to flow problems are given in addition to
considerable empirical data. This report represents an outstand-
ing contribution to industry, bib.

2.2, 2.3, 2.4, 2.5, 6.1

Industrial
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2.1-8 REVIEW OF THE LITERATURE ON TWO-PHASE (GAS-LIQUID) FLUID FLOR
IN FI ES

Gresham, W. A., Jr. et al.
ENGINEIING EXMIMENT STATION OF THE GEORGIA INSTITUTE OF
TECHNOLOGY.
WADS-Tt 55--'422, June 1955
Contract AF 33(616)2660
AD 95752

All available literoiture on the subject, of two-phase (gas-liquid)
fluid flow was studied a rd the significant, literature is sunor-
ized in this report.

Gas-liquid flow can be classified Into at least seven different.
types of flow in horizontal ducts and five types in vertical
ducts. For a given combination of fluids, it is possible to
roughly (orrelate the flow types with the flow rates.

Most of the early workers utilized frict ion factor-type relations
2n their attempts to correlate the pressure drops and flow rates.
The first generalized relation was presented by Martinelli and
co-workers vho correlated the two-phase pressure drop with that
of the liquid or gas assumed to flow alone in the duct. Most
subsequent, investigators have used modifications of this cor-
relation. A few investigators have attempted to solve relations
based on the continuity, energy, and momentum equations.

Abstracts of one hundred and eight references tire included.

Aircraft

2.1-9 ON THE FLOW OF A COM]PRESSIBLE FLUID THROUGH ORIFICES
Jobson, D. A.
GREAT BRITAIN, AERONAUTICAL RESEARCH CO1UNCIL
ARC Report 1b,376, CONFIDENTIAL. December 1953
AD 41023

Aircraft, Pneumatic

2.1-10 FRICTION FACTOR PLOT. FOR SMOOTH CIRCULAR CONDUITS, CONCENTRIC
ANNULI, AND PARALIL PLATES

Lohrenz, J. et al.
INDUSTRIAL AND ENGINEERIIVG CHEMISTRY
52.703 -6, Augvut 1960

This new approach to the old annulus problem presents a friction
factor corrtlatton which can be used without difficulty and
which yteids a satiefatorily constant value of the critical
Reynoldis number.
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A literature survey of the experimental studies of pressure

drop for fluid flow throuigh concentric annuli was completed.

Industria l

2.1-1l FLOW 0F A COMPRESSIBLE FLUID THROUGH A SERIES OF IDENTICAL
ORtIF ICES

Robinson, C. S. L.
JOUWhAL OF APPLIi1D MECHANICS
15:308-10, 1948

This paper contains a method for computing the weight flow of a
gas or vapor through a number of like orifices. It is based
upon the geiieral equation for a single orifice and upon certain
reasonable assumptions. There ate included curves showing the
influence of the number of orifices. Ior expansions beyond the
over-all critical-preosure ratio, the effect of each additional
orifice is increasingly reduced. For example, increasing the
number of Aike orifices from 6 to 7 will decrease the flow only
about 5 percent. Two applications of this study are suggested;
i.e., to multiple-orifice devices for heat-exchange equipment,
and to lab)rinth packing for shaft seals.

Industrial, Pneumatic

2.1-12 DISCHARGE cOEFFICIENTS FOR FLOW THROUGH ROND-EDGED ORIFICES
Tuffias, R. H.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DEPARTMENT OF
MECHANICAL ENGINEERINGI SM Thesis, August 1957

Aircraft

I

2.1-13 INVESTIzATION OF FLOW CCEFFICIENT OF CIRCUIAR, SQUARZ: AND
ELLIPTICAL ORIFICES AT HIGH PLESSURE RATIOS

Callaghan, E. E. and Bowden, D. T.
NATIONAL ADVISORY COMMITTEE ON AERONAUTICS
Technical Note 1957, September 1949

An experimental investigation has been conducted to determine
the orifice coefficient of a jet directed perpendicularly to an
air stream as a function of pressurc, ratio and jet Reynolds
number for circulur, square, and e!liptical orifices. The effect
of air-stream velocity on the jet flow uas also determined for
three tunnel-air velocities. Equations for the flow coefficients
in terms of jet Reynolds number and pressure ratio were obtained
for the various shapes. Excellent correlation was obtained
between the results for a jet discharging into still air and the
results for a jet discharging into a moving air stream, provided
that, the correct outlet pressuire was used.

Aircraft, Pneumatic

A-39



2.l-14a CALCUIATING THE ENERGY LOSSES IN HYDRAULIC SYSTEMS
Srerdrup, N. H.
'RODUCT ENGINEERING
pp 146-52, April 1951

Graphiual wet, heds of annlyseg thit, save time and make tedious
mathematical calculations unnecessary. Charts for -rictionial
and energy lo-,s coefficients ,n AN hydraulic fittings, circular
pipes, and other elements used in hydraulic circuits.

Aircraft, Hydraulic

2.1-15 A VERSATILE PNEUMATIC INSTRUM4ENT BASED ON CRITICAL FLOW
Wildhack, W. A.
REVIEW Ok SCIENTIFIC 1NSTRUE1NTS
21:25-30, January 1950

Gee flows through two restrictions in series, the second one or
both being a nozzle operating with sonic throat velocity so that
discharge is independent of the downstream pressure. For fixed
restrictions, the ratio of entrante pressures at. the two restric-
ti,)ns depends on their relative sizes and the ratio of entrance
temperatures. After calibration, the pressure ratio may be used
to measure temperature with a sensitivity of ]°C or better over
a range of 2000oC. With the bame arrangement, the temperature
being constant., the intermediate pressure is a dtrect. measure of
mass flow. A sensitivity of better than 0.1 percent, 1. possible
in this measurement. For given temperatures, the device can be
used as a "pressure divider," with the intermediate pressure
controlled by adjusting the restrictions, or as a pneumatic
micrometer. Gas anatysis is accomplished by removing one com-
ponent. of the gas flow between nozzles. A vacuum pump is used,
if necessary, to ensure critical discharge through one or both
nozzles; divergent. (ones on nozzles mau be used t-o minimize
pressure drop.

Industriu , Pneumatic

21-lb 'FECT OF ABSOLUTE AIR PRESSURE ON THE ORIFICE COEFFICIENT OF A
FI.AT PIATE ORIFICE AT LOW REYNOLDS NUMBERS

Dobbins, R. A.
SYLVANIA ELECTRIC. PRODUCTS INCORPORATED
Report TR14.2.-22. 9 August 1955
Contract AF 33(038)21250
AD> 7-826

A-craft



2.1-17 AN ANALYTICAL STUDY ON SF-I METERING CONTROL VALVES
Russell, J. G. et al.
THOMPSON RAMO WOOLDRIDGE, INCORPORATED
WADC TR 59-332. November 1957
Contract AF 33(616)5179
AD 227239

A study was made of methods to measure and control the flow of
hydrogen in the liquid phase, the gaseous phase, and the two
phase mixture. A survey was conducted of previous and allied
work. Existing designs and new designs of fluid measuring and
controlling equipment were analyzed for operation with the fluid.
A flow measuring device for two phase mixture was designed and
partially fabricated. A test installation was designed and
partially constructed.

6.1

Aircraft, Cryogenic

*2.1-18 VERIFICATION OF A THEORETICAL METHOD OF DETERMINING DISCHARGE
COEFFICIENTS FOR VENTURIS OPERATING AT CRITICAL FLOW C(NDITIONS

Smith, R. E. et al.
U. S. AIR FORCE, ARNOLD ENGINEERING DEVELOPMENT CENTER
AEDC TR 61-8. September 1961
Contract AF40(600)800. Project 931002
AD 263714

When the accurate measurement of the flow rates of air or gases
is required, the use of a venturi flowmeter which operates at
critical flow conditions has certain advantages. A venturi con-
tour designed specifically for use at critical flow conditions
is described, and a theoretical method is presented for deter-
mining the discharge coefficient of this venturi.

An experimental investigation was conducted to determine the
discharge coefficient of such a venturi, and the results are com-
pared with the theoretical values. Th4s investigation covered a
range of Reynolds number from 0.4 x 10 to 5.4 x 10 based on
venturi throat diameter. The venturi used had a throat diameter
of 5.6436 in. and, therefore, an airflow capacity of 8.6 lb/sec
at an inlet total pressure of one atmosphere and an inlet total
temperature of 519°R. The values of discharge coefficient
ranged from 0.992 to 0.994, and the theoretically and experi-
mentally determined coefficients agreed within ±0.06 percent
over the range of conditions investigated.

Aircraft, Pneumatic
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2.1-19 IMPROVED METHODS OF FLOW CALCUIAf IONS OF THE RATES OF FLOW TIIUIL (;
SHARP EDGED CONCENTRIC ORIFICES

Murdock, .1. W. et al.
U. S. NAVAL BOILER AND TURBINE LABORATORY
Interim Report #1. NBTL Test Report 1-83. May 1953
AD 35591

This report, presents methods and physical data for accurate
calculation of the rate of flow through sharp-edged conientric
o-ifices, constructed and installed in accordance with the
standards set by the Joint Committee of the American Society of
Mechanical Engineers and the American Gas Association Orifice
Meter Committee. Flow coefficient data are presented for all
four standard tap locations and physical data for Air, Oxygen,
Steam and Water. By use of standard forms, precise calculations
can be made without prior knowledge of fluid flow theory.
Assumptions of Reynolds number and successive approximations
before reaching the final answer are eliminated.

Aircraft
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Flow Through Valses

.2-1 llIT11 EI.FLY VALVE ILOW ('IIAIA(TrEI ST I CS
Mc Phe rs on , M. 11. et a I.
AMElRICAN SOCIETY OF C IVIL ENGINEERS, PROCEE)INGS
83(IIY-1 No. 1107)" 1-28, Fehruiary 1957

Flow cet ' ijcients are given for free and submerged discharge
as well a'-, two cases with enclosed flow piping. The effects of
tvpe of installation, blade shape and closure angle for control-
type valves (using water) are demonstrated. Correlation of
analytical relations with performance provides a basis for pre-
dicting incipient cavitation.

2.4., 2.5, 2.6

Industrial, Wnter, Flow k.ontrol Valve, Butterfly

2.2-2 DISCHARGE COEFFICIENTS FOR GATES AND VALVES
Thomas, C. W.
AMERICAN SOCIETY OF CIVIL ENGINEERS, PROCEEDINGS
81(No. 746)1-26, July 1955

Conservation of our water resources demands accurate measurement
of water. Rather than construct separate devices for control
and measurement, this paper suggests the use of certain control
valves and gates as measuring devices when good calibrations are
available. As supporting evidence that. such is possible, model
and prototype compai.sons are made and the results confirm to a
reliable degree the valility of the proposal.

Industrial, Water, Poppet Valve

2.2-3 CONTRIBUTIONS TO HYDRAULIC CONTROL--3. PRESSURE FLOW RELATION-
SHIPS FOR FOUR-WAY VALVES

Blackburn, J. F.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
75:1163-70, 1953

The cnaracteristics of several types of 4--way flow-control
valves are derived without making linearizing assumptions. These
characteristics are plotted as load flow versus load pressures,
in a manner analogous to the plate characteristic of a vacuum
tube. Several different coefficients are derived and tabulated,
and the valves are compared from the standpoint of linearity,
sensitivity, power output and losses.

1.4

Aircraft, Hydraulic, Servo Control Valve 4-Way, Spool
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2.2., SOME IYDIWI)YNA(I' ASP.CFTS OF VAL\ES
Ehrich, F, F.
AMEJUiAN SOC IETY OF MECItANICAL ENGINEERS
Paper 55-A-114 for meeting of November 13. 18, 1955

Free atreamIine-potentia Allow analysis is uied to analyze the
flow regulation in two-dimensional configurationa approximating
the flapper valve, the n(,edle valve, the orifice-plate valve,
the gate valve, the butterfly valve, and the spool valve. Enperi-
mental data are reported which evaluate the accuracy of some of
the derived exzpressions sad also evaluate the possibility of
applying the results to three-dimensional, axisymmetric configu-
rations. Reaults are presented in tabu!vr and gr-aphical form.
An analysis is also carried out to evaluate the dynamic forces
on the moving element of a flapper valve resulting from the
motion of the fluid. Equivalent spring force and damping force
are detected, as well as some unstabilizing influences of nega-
tive damping and negative apparent mass. General descriptions
of the origin of these forces are also given.

2.5, 3.2, 4.2

Aircraft, Hydraulic

*2.2-5 PRESSURE FLOW CHARACTERISTICS CF PNEUTMTIC VALVES

Ezekiel, F. D. et al.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
79:1577-90, October 1957

The pertinent subject headings in this article are: (1) Flow
Through a Single Orifice. (2) Steady Flow Through Two Orifices
in Series, (3) Steady-Flow Characteristics of Single Orifice
Control, (4) Steady-State Three-Way Valve Characteristics,
(5) Steady-State Four-Way Valve Characteristics, (6) Closed
Center Valve, (7) Open-Center Vaive (Underlapped), and (8) A
Method for Hand-ing Reverse Flows.

1.4

Aircraft, Pneumatic, Servo Control Valves

*2.2-6 STATIC-FLOW CHARACTERISTICS OF SINGLE AND TWO-STAGE SPRING-LOADED

GAS PRESSURE REGULAT(OIS
Iberall, A. S.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
pp 363-373, April 1954
see also paper 53-F-5

A theoretical investigation of greater completeness than is
usually presented has been made of gas pressure regulators.
Emphasis has been placed on the application to their design.
The analysis is summarized in graphical form in which the
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ciarac teri, t, M of tie regu lator may be, obt a led by ru ler and
compass coiistructiois. Brief attention 14 given to the errors
inherent in the simplifications made in the analysis.

2. 4, 3.3

Are raf (, , Pneuniat ic, Pressure Regui at-or'. 2 St age

2.2-7 RESIsTANCE CO,,FI.( [ENTS FOR LAMINAR AND TUILIHIILENT FLOW TIROUGH
ONE-HALF- INCH VALVES AND F ITT IN(GS

Kittredge, C P.
AMERICAN SOCIETY OF MECIANICAL ENGINEERS, TRANSACTIONS
79: 1759-0), November 1957

Apparatus and test procedures to determine resistance coefficients
for laminar and turbulent flow through 1 2-in. . P.S. valves,
fittings, and fabricated bends are described. Resistance coef-
ficients are given as functions of RF >ynolds number. Results of
the investigation are dscussed briefly.

Industrial, Hydraulic

2.2-8 APPLICATION LIMITS AND ACCURACIES OF CONTROL VALVE FLOW COEFFICI-
ENT Cv

Li n, D. J. et, al.

AMERICAN SOCIETY OF MECHANICAL ENGINEERS
Pap,'r 56-IRD-22 for meeting of September 17-21, 1956

Industria 1

2.2-9 AN EXPERIMENTAL STUDY OF TWG DIMENSIONAl5 GAS FLOW THROUGH VALVE
TYPE ORIFICES

Stenning, A. H.
AMERICAN SOCIETY OF MECHANICAL ENGINEELRS
Paper 54-A-45. 1954

Aircraft, Pneumatic

2.2-10 HYDRAULIC LOSS AND FLJID DISCHARGE COEFFICIENTS THROUGH ORIFICES
OF CYLINDRICAL SPOOL VALVE HYDRAULIC PERFORMANCE MECHANISM

Khokhlov, V. A.
AVTOMATIKA I TELEMEKHANIKA.
16:64-70, #1, 1955

1.4

Aircraft, Hydraulic, Servo Control Valve, Spool
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2.2-Il FLOW CHARACTERISTICS OF PISTON T YPE VALVS
MacLellan, G. D.
INSTITUTION OF MECHANICAL ENGINEERS
Symposium on Recent Mechanical Engineering DevelopmenLs in
Automatic Control, London, January 5-7, 1960

Industrial

2.2-12 SOME MODEL EXPERIMENTS ON SPECIAL CONTROL VALVES
Firth, D. et al.
INSTITUTION OF MECHANICAL ENGINERS, PROCEEDINGS
168:385-402, #13, 195'i

A description is given of some model experiments undertaken to
resolve problems occurring in the design of special control
vaives for use in the Hydraulic Machinery laboratory of the
Mechanical Engineering Research Laboratory.

Four types are dealt with: (1) a valve to control flows varying
from 1 to 30 cu ft per see in a flowmeter calibrating system;
(2) a valve to control flows of up to 30 cu ft per sec in an open
pump testing rig with a maximum input of 350 hp; and (4) a
hydraulically balanced in-line valve to Pontrol flows varying
from I to 15 cu ft per sec in a service supply.

2.5

Industrial, Hydraulic, Flow Control Valve

*2.2-13 RESISTANCE CiIARACTERISTICS OF CONTROL VALVE ORIFICES

Shearer, J. L.
INSTITUTION OF MECHANICAL ENGINEERS
Proceedings of Symposium on Recent Mechanical Engineering
Developments in Automatic Control, 1960. pp 35-41

Orifices of the kind used in automatic control compone:.-s are
discussed from the point of view of their flow resistance charac-
teristics and the factors which influence theee characteristics.
Real measured characteristics are evaluated in light of the
theory for ideal orifices. The wide departure of real hydraulic
orifice characteristics from ideal characteristics at low Rey-
nolds numbers and for small valve openings as reported by various
workers is discussed. Characteristics for both liquid and gas

flows are discussed and compared. Recent work on pneumatic
valves is described in which the jet stream exhibits bi-stable
operation.

2.1, 2.4

Aircraft
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2.2-14 A STUDY OF PRESSURE AND FLOW IN A POPI'ET VAl\'E MODEL
Tidor, 0. H.
' ASSAcHITj 'ETTS INSTITUTE OF rECIINOLOGY, I)EPAITMEN1'" OF

MECIAN ICAL EN(INEERIN(G
SB Thesis. 1954

The pressure and flow in a poppet. valve was studied by means of
a large-scale, t wo-dimensional , glas-sid(d model . Reynolds
number was ued t o estahl I dh M (vtmm imli I itide between the valve
and the model. Air injection into the oil stream was usod to
chart streaml 1nes, which were observed through the glass faces.

Aircraft: Hydrau I i c, 2-Way Vn I ve, Poppet

2.2-15 PRESSURE DROPS IN OXYGEN EQUIPI'MENT
Iberall, A. S.
NATIONAL BUtlfi2AU OF STANDARD)S
Report No. 1115, 1951

Industria l

2.2-16 EXPERIMENTAL FORMULAE FOR DISCHARGE AND LIFTING FORCE OF FIAT
SEATED VALVE (7TH REPORT)

Oki, I.
JAPAN SOCIETY OF MECHANICAL ENGINEERS, BULLETIN
4:87-93, #1l, February 1961

In the 4th report we studied the relations betwecn valve-lift,
discharge, lifting-force and angle ot issuing-jet for nine kinds
of flat-seated valve, all of which discharge water freely in the
air. From the experimental data thus obtained, non-dimensional
discharge q. and lifting-force po are computed and expressed as
functions of opening-ratio l,/do or diametral-ratio d/do, where
I stands for valve-lift, d for valve-diameter and d0 for valve-
port diameter. These experimental formulae give fundamental
values for discharge and lifting force of disc valve and could
be referred to as standard formulae in the research on disc
valves of any kind.

3.2

Industrial, Water, Flow Control Valve, Flat Poppet

2.2-17 CHARACTERISTICS OF DISC VALVES IN ,NGLE-VALVE-TYPE CHAMBERS
(5TH REPORT)

Oki, I. et al.
JAPAN SOCIETY OF MECHANICAL ENGINEERS, BULLETIN.

2:644-50, November 1959
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In ai angle-valve-type valve box specially prepar(d, a series
of experiments was carried out on disc valves with flat or
cont(al seat under a head of about two meterm. Thus, the re i-
lions emong valve lift.. discharge and lifting foice were
studied, whereby many factors in the characteristics of disc
valves under these conditions were made clear.

3.2

Indu trial, Wator, Flow Control Valve. Poppet

2.2-18 SOME CONSIDERATIONS ON THE CHARACTERISTICS OF DISC VALVES AS
DISCLOSED BY OUR EXPERIMENTS (bTH REPORT)

Oki, I.
JAPAN SOCIETY OF MECHANICAL ENGTNEERS, FULILTIN.
2:b5l-b, November 1959

We have made an over-all study of our experimental researches on
disc valves which were reported one after another since the year
1921. Many factors have been thereby brought into light am to
the characteristics of disc valves with flat or con'cal seat,
through which water wan discharged in valve chambers of verti-
cal-cylinder type or angle-valve type, or discharged freely into
the air.

Industrial. Water Flow Control Valve, Poppct

2.2-19 INVESTIGATION OF LOSSES IN BUTTERFLY VALVES
James, J. W.
UNIVERSITY OF TORONTO, DEPARTMENT OF MECHANICAL ENGINEERING
Thesis. April 15, 1951

Industrial, Butterfly Valves
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1 1ow Through (, ll o iti' Sys t ems

2.3-1 IT,'-N(I I FLOW ('OFFIE I ('1liNTS TO llS, (IN PNKI'NEMATI. N, 'TFsM
Ih ske, (I.
iIYDILAILI('S AND IINITMATICS
I i1 -82, Octib*'er 196)

Flow (f'1, I' ('li'!) tl M I'I' 1'1I'-I iii] t['4 IFor (i'.4l ZI II pileimitt it

.4VAt 1' il t 0WVS( t 'Jt. ('l( t ' . eli n i mi e the i g es.swI trk iI" avoid mnz

large pres isure II'F I In t v ' , a l plumh ng.

2.It, 4. I

Aircraf't, nerimna t c

2 .3-2 PRtSSITHEI)SStS IN PNEITMITIc sYSTlrMS
HLiske, (.

PRODIIC'T ,N(I NINI,,ING
30:5()-4, O(t.Iol)e r 2(0, 1)5)

The althor shows how to simplify ('alculat. ions l'ot pressure drops
of components ii series. His nomograph method is an extension
f ti e he I pfu 1 Nat i ona I lureau of' Standa rds "Flow-factor" tech-

nique previously described for our readers.

1) l2. i

Aircraft, Pneumatic

2.3-3 TREORY OF IYDIRAULIC FLOW CONTROL
Sverdrup, N. M.
PRODUCT ENI(NEERING
pp 101-1'16, April 1955

In the desili of any hydratlic circuit, the r'ate of flow is
determined by the resistant(e of the various components and by
the pressure dif ferent it ' I across the circuit . Because, in spite
of its importance, there is i serious lack of published data on
hydraulic resistance, 'quat ons ire derived herein for the flow
rate of any circuit--iicluditlg both parallel and series types.
This is followed by a flow analysis of such components as valveA,
venturis, orifices and other flow-limiting devices. Comprehen-
sive examples illustrate the application of the analyses to
practical design problems.

2.2, 2., 2.6

Aircraft, Hydraulic
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2.3-4 FUNDAMENTAL CHARACTERISTICS OF HIGH PERFORMANCE HYDRAULIC
SYSTEMS

Campbell, T. E.
U. S. AIR MATERIAL COMMAND
TR 5997. June 1950
Contract W 353-0380ac-21859

Aircraft, Hydraul ic
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Valve Sizing Formulas

2.4-1 VALVE FLOW COEFFICIENT C AND ITS CONTRIBUTION IN CONTROL VALVE
SIZING v

Rockwell, R. A.
11EATING AND VENTIIATING
51:7(-9, August 1954t

Sizing of a flow control valve is premised on a full knowledge
and weighed evaluation of flow data. Most sizing procedures
make use of the valve flow coefficient, Ca, which materially
simplifies the problem. The use of Cv provides a simple method
applicable to a wide variety of valve constructions, valve
sizes, and flow conditions.

Industrial

2.4-2 HOW TO SEIECT CONTROL VALVE SIZE
Holzbock, W. G.
CHEMICAL ENGINEERING
66:171-6, #8, 1959

Valve and process characteristics, as well as pressure drops
in pipeline and valve, plus specific gravity, viscosity Lnd
volume of flow are all factors you must consider.

2.3

Industria l

2.4-3 MErHOD FOR PREDICTING PRESSURE DROPS IN PNEUMATIC COMPONENTS
AND SYSTEMS

Slawsky, M. M. et al.
CHEMICAL ENG INEERING
60:170, September 1953
See 2.4-16

Aircraft, Pneumatic

2.4-4 ACCURATE VALVE SIZING FOR FLASHING LIQUIDS
Hanssen, A. J.
CONTROL ENGINEERING
8:89-90, February 1961

Of the various methodp proposed for sizing control valves for
flashing liquids, the one based on the downstream density of
the liquid-vapor mixture seems the most accurate. With the aid
of specially constructed curves and known inlet conditions, the
instrument engineer can size a valve with a few simple
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calculatiorts. Here the author explains the development and use
of such curves, and presents usable charts covering six of the
more common process fluids.

Industria , Hydraulic

2.4-5 FLOW AREA EQUATIONS FOR RATING POPPET-TYPE VALVE tAPACITY
Lapera, D. J.
DESIGN NEWS
Reprint. from Vol. 16, No. 3 February 19bl

This article correlates the flow equations for the equivalent
sharp-edge orifice diameter, NBS flow factor and the flow coef-
ficient for the poppet-type valve, bib.

Aircraft, Hydraulic

2.4-6 VALVE SIZING ACCURACY
Rockwell, R. A.
INSTMYNTATION, 6, Fourth Quarter 1952

The determination of the control valve size for a given applica-
tion is not an exact science. While it is always premised on a
full knowledge of the actual flow conditions, one or more of the
conditions are frequently by necessity approximations. It is
the evaluation of these flow data, therefore, that really deter-
mines the finat valve size. Common sense, combined with experi-
ence, are the prime requisites.

(This paper cuntinues to discuss the whys and wherefores of the
flow coefficient, Cv .) bib.

Industrial

2.4-7 VALVE CAPACITY AND C
Beard, C. S. v

INSTRUMENTS AND AUTOMATION
29,282-, February 1956

The C technique for valve sizing is becoming standard, yet
forrouS'as for flow capacity of a valve are presented in too many
different ways at. pre.,ent. This clear resume of the various
formulas for liquid, gas:, and steam flow through valves should
do much to clarify perspective and establish a more nearly
standard--or at, least better accepted--type of formulation.

Industr a I
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2.4--8 VALVE SIZING
Beard, C. S.
INSTRUMENTS AND AUTOMATION
29:2220-3, 1956

Basic factors in valve sizing include (1) maximum and minimum
flows to be controlled, (2) maximum and minimum prebsure-
differentials across valve, (3) specific gravity, (4) tempera-
ture, (5) Viscosity, (6) flashing, and (7) rangeability. Here
are the basic procedures, with emphasis on the orders of magni-
tude of the various considerations.

1Ind1 -- * -, -: ,

1. 4 ',A lAY SWI N(G M HtIIDS'
Bv1ock'tt , F,

p 752-800, ''

This comparison of three common methods of valve sizing is &n
important step leading to a standard acceptable to everyone.
A society program for developing such a standard is needed.

2.2, 2.6

Industrial

2.4-10 CORRELATION OF VALVE SIZING METHODS
Brockett, G. F.
ISA CONFERENCE, New Jersey, April 1952

Industrial

2.4-11 SIZING AND SELECTION OF CONTROL VALVES
Kneisel, 0.
SIMPOSIUM, ISA, ,tw Jersey, 1953

Industrial

2.4-12 VALVE SIZING EQUATIONS FOR CO4PIJERS
Lovett, 0. P., Jr.
ISA JOURNAL, November 1959

DuPont's use of a digital computer to size control valves
required an evaluation of valve-sizing techniques. Given are
the resulting equations for liquid, gas, steam and Dowtherm,
which also can be solved with a slide rule.

Industria I
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2.4-13 COMPARING GAS FLOW FORMULAS FOR CONTROL VALVE SIZING
Turnquist, R. 0.
ISA JOURNAL. 8:43-5, June 1961

Industrial, Pneumatic

2.4-14 PRACTICAL DETERMINATION OF CONTROL VALVE C
Wing, P. 

Jr.

ISA JOURNAL. 7:90-4, September 1960

Many instrument men tend to assume that flow through controi

valves should be as occurately determinable as is flow through

sharp-edged orifices. This article tells why valve sizing will

remain more art than science for some time to come.

2.2, 2.5

Industrial

2.4-15 UPDATING K-FACTOR FORMULA FOR PRESSURE DROPS IN AIR VALVES
Dahle, B.
PRODUCT ENGINEERING
29:74-8, April 14, 1958

This consistent technique estimates pressure losses in a pneu-

matic system, component by component. Author's charts give
K-factors for actual valves and fittings; nomogram provide9
fast pressure-drop answers.

2.1

Aircraft, Pneumatic

*2.4-16 A METHOD FOR PREDICTING PIAESStJR DROPS IN PNEUMATIC COMPONENTS
AND SYSTEMS

Slawsky, M. M.
SOCIETY OF AUT04ATIVE ENGINEERS
Preprint No. 81 for Meeting April 20, 1953, See 2.4-3

A method for predicting the pressure drop in a pneumatic compon-
ent or a combination of components for any specifid flow and

upstream pressure is described. Certain parameters are empha-
sized which enable the correlation between flow, pressure, and

geometry to be represented by a single flow curve. This curve

1. independent of upstream pressure and is reasonably accurate
for all flows ranging from zero to sonic. The relation between

the geometry of the component and the flow characteristic is

derived from considerations obtaining at sonic flow. A procedure
for extending this method to the calculation of pressure drop in
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a pneumatic system composed of several components is developed.
A comparison between the calculated and measured values for
several typical cases is given.

2.1, 2 2, 2.3

Aircraft, Pneumatic

2.4-17 CONTRIBUTIONS TO THE METHODS OF CALCULATION AND MIASUREMENT OF
PRESSURE DROP IN PNEUMATIC COMPONENTS AND SYSTEMS

Slawsky, M. M. et al.
U. S. NATIONAL BURFAU OF STANDARDS
R-3683. October 1954
AD 65102

A method for predicting the pressure drop in a pneumatic compon-
ent or a combination of components for any specified flow and
upstream pressure is described. Certain parameters are empha-
sized which enable the correlation between flow, pressure, and
geometry to be represented by a single flow curve. This curve
is independent of upstream pressure and is reasonably accurate
for all flows ranging from zero to sonic. The relation between
the geometry of the component and the flow characteristic is
derived from considerations obtaining at sonic flow. A pro-
cedure for extending this method to the calculation of pressure
drop in a pneumatic system composed of several components is
developed. A comparison between the calculated and measured
values for several typical cases is given.

2.1, 2.2, 2.3, 2.5

Aircraft, Pneumatic
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Internal Passage Design for Flow

2.5-1 DETERMINATU17A AND CMIREIATION OF FLOW CAPACITIES Of' PNEUMATIC
COMPONENTS

Tsai, 1). H., et al.
COMPRESSED GAS ASSOCIATION, Supplement to Annual Report #45,
January 1958, p 5-11
Also see Compressed Air and Hydraulics 23:415-6, Sept. 1958
See 2.5-4

2.5-2 FLOW FACTORS IN FLUID PASSAGE DESIGN
Riske, G.
MACHINE DESIGN
32:154-9, April 14, 1960

Predicting performance of hydraulic or pneumatic systems depends
upon knowledge of flow efficiency. Analyzing losses is simpli-
fied by using flow factors in fluid passage design.

2.1, 2.2, 2.3

Aircraft, Pneumatic

2.5-3 EFFECT OF SIZE OF ENTRANCE AND EXIT MEASURING SECTIONS ON THE
FLOW FACTOR AND THE CHARACTERISTIC CURVE

Thompson, R. C., et al.
U. S. NATIONAL BUREAU OF STANDARDS
Report No. 3367, June 22, 1954

Aircraft, Pneumatic

*2.5-4 DETERMINATION AND C(RREIATION OF FLOW CAPACITIES OF PNEUMATIC
COMPONENTS

Tsai, D. H., et al.
U. S. NATIONAL BUREAU OF STANDARDS
Circular 588, October 1957

Some of the problems of measurement and correlation of flow
capacities of pneumatic components are discussed. A dimension-
less "area factor," defined as the ratio of the "effective
area" of the component to some reference area is introduced.
The physical significance of the area factor and its experi-
nental determination are discussed in some detail. Sample
data are also included to show that this area factor provides
a valid and convenient basis for comparing the flow capacities
of components, regardless of their size and design, and over a
wide range of test conditions.

2.1, 2.2, 2.4
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2.5 CROSS REFERENCES

1.2-18 1.3-1 1.4-7 2.1-7 2.2-1 2.4-14 4.2-3
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COViation dnd Other Flow Phenomena

2.6-i CAVITAIION CHARAMTERISTICS OF GATE VALVES AND ;LOBE VALVES USED
AS FLOW REGULATORS UNDER HEADS UP TO 125 FEET

Bali, I. W.
AMERIiAN SO"I.TY OF MIEtHANItAL ENGINEERS, TRANSACTIONS
79 1275 SMi, 1957

The serieM of tests dis(ied in this paper was made for the
purpose of dt-termining whether or not gate valves or glove valves
could he used sC It4taf.orIlIv for regulatipg releases from irri-
gation dist.ribotito ,ivstems under heads up to about 125 feet.
A pressurc relat toship or "( tVIatt Ion index" was found to be
a useful meatiA of determining t.he limits of differential head
and bat presaure to either control the location of, minimize,
or el iminate cavitat ion damage.

Industrial, Water Globe and Gate Valves

2.6-2 CAVITATING VENTURI FOR FLOW (ONTROL
Wright. B. S. el as.
CHEMICAL ENGINEERING
63 221 2, #11, 1956

Flow through a venturi designed to cavitate remain- constant
independent of downs4tream pre sso re variations.

2.1

Airt raft

2.6-3 CAVITATION IN CONTROL VALVES
Stale-, G. F.
INSTRUMENTS & CONTROL S'ISTEMS
34 2086 93, November 961

No known mteriaa can withstand cavitation erosion, which
starts at, crit.i(tal pressure differential. Here is h w to design
out tlhe risk of cavitation,

Indusrr ai

2.6-4 THE TEAPOT EFFECT A PROBLEM

Reindei., M.
PHYSICS TODAY
Volume 9, #9, 1956

A discussion of the phenomena associated with the apparent
uphill flow of fluids around corners. bib.

A z r..raft.

2.6 CROSS REFERENCES

2.2-1 2.3-3 2.4 9 3.2-6 5.4 1,
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3.0 STEADY-STATE FORCES

This section contains those articles and reports concerned

primarily with the steady-state forces acting on the valve closure.

As before, articles involving both forces (Section 3.0) and trat-

sients (Section 4.6) have been placed under transients. Since the

analysis of most valves consists only of a static force analysis,

subsection 3.3, Detailed Static Force Analyses, was included even

though no material was found directly applicable to this heading.

Cross references to pertinent data could thus be noted. The section

is subdivided as follows:

3.1 Lateral Forces - Friction and lydraulic Lock

3.2 Flow Forces

3.3 Detailed Static Force Analyses
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Ltiteltal or' e-- Fri( t li and llvi-auli1C Lo( k

3.1-1 CONTRIV": IONS, TO HYDRAULIC ( ONTROI. 5. lATERAL FORCES ON
HYDRAULIC PISTONS

Blatkhurti, ". F.
AMERICAN S'CIETY OF MICHANICAL ENuSINEERS TRANSACTIONS
75 II75.8o, 1951

StiCkilng or txre-;!Ive frl t ion of pistoni or valves in their
bores has alway4 caused trouble to designers and users of
hydraIi ic equipment. The phenometia involvti are complex and
in(completel undei tood. This ptrper zhiws that large lateral
forces mal% be causeI by hvdl [(dyvtiamlc phenomena alone, it hout
the (omplicatiig effect.s of dirt in the oil. I t prese nt s
expressions. des(ribing the lateitl force for certain cases of
simple geometry, with experimental verification, and discusses
other ,-ises qualitatively. Finally, it -unmmrizes briefly pres-
ent. ideas conern iig the friktional phenomena involved and lists
several quet ionis to which the answers must be obtained by fur-
ther investigat ion.

1.4

Aircraft, Hydraulic. Spool Vaive

3.1-2 THE REDUCHTON OF FRICTION IN PISTON TYPE HYDRAULIC SERVO VALVES
Earl A. G.
GREAT BRITAIN, ROYAL AIRCRAFT ESTABLISHMENT
Tethnial Note 6W 312. Mav 1954. CONFIDENTIAL
AD 350o

1.4. 5.4

Aircraft., Hydrauiih. Spool Valve

*3.1"-3 AN INVESTIGATION OF HYDRAULIC LOCK

Sweeney, D. C., et al.
PRESENTED TO THE INSTITUTE OF MECHANICAL ENGINEERS
May 13, 1955

Htydraulic iock is a phenomenon entountered in piston-type control
valves governitig the supply of high-pressure oil to mechanical
equipment. It. is liable to occur when conditions are such as to
produce an axial pressure gradient in the fluid (ontained in the
clearance space surrounding the piston lands and its effect, is
to cause sticking or locking of the piston in its enclosing
cyli nder.
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A 1p re imi 'nary iinve, st igat in oi l r'l'ed out. in the Mechanical Engi-
neering Ieptirtment, of li rmingham Univet' i ty indica ted that true
hydraulic lock is essent ial ly a hydrodynamic effedt, resulting
from asyimetric jires-9ir (list ribut ion in the clearance space
between piston and cyli nder. Thum if, owing to machining imper-
fect.ions ini the piston liands or cylinder bore, the flow of
fluid in the cleatrante space is it her diverging or converging,
aln a.s me t, ' i i c (I is t l il iI i ,oi o) f pr - iii't w II , ii geliera I , iesult

a nd w i I I be i c ( loIln i i ed ItY ii t il it sVe i set, ii us t oi th lie Pi si, on,

If tie c leIa ranc' is d ive t'gelit in the direction of flow, tile

piston will he forced against, the cyl inder wall ; if convergent,
the action of any thrust arising will be to exert a centralizing

effect..

The present paper deals with an extension of the investigation
refe 'red to above. tlie object being to examine. both theoretic-
ally and experiment ally, the ef fect on hydraulic lock of the
employment of tapered piston lands. For this purpose, a math-
ematical analysis was made of the pressure distribution in the
clearance space between piston lands and cylinder bore and of
the accompanying side forces on the piston for a range of
selected condition,. To establish the validity of the analysis,
experimentq were carried out on a cylinder of uniform bore in
conjunction with dumbbell-shaped pistons having lands of such
form as to give various taper-clearance ratios. In general, the

procedure was as follows: high-pressure oil was supplied
through the cylinder wall to the annular space between the two
lands of the piston, the oil then flowing outward in both direc-
tions through the clearance space. Pressure tappings at a
number of points in the cylinder wall allowed the pressure dis-
tribution in the clearance space to be determined, and suitable

provision was made for the measurement of any locking force
acting on the piston.

1.4

Aircraft, Hydraulic, Spool Valve

3.1-4 A STUIDY OF SEAL FRICTION IN HYDRAULIC SERVOMECHANISMS
Feldman, M. S.
MASSACHUSETTS INST ITUTE OF TECHNOLOGY, INSTRUMENTATION

IABORATORY
Master's Thesis. Report T-62. May 1954
2ontract AF 33(616).:,)39
AD 33887

The friction forces encountered in a high performance hydraulic
servomechanism may drastically aff;,ct the servo characteristics.
The main sources of friction are the hydraulic seals used in the
servo actuating cylinder.
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In this thesis, the frictional characteristics of the two kinds
of hydraulic ictuatr seals (i.e., piston and rod) were studied
separately. Seals made of rubber, cast iron, and Teflon were
tested. The static and kinetic friction force levels were
investigated. The relative effects of the various seals on the
dynamic response of the servo were also examined. Some of the
other topics included are as follows. a summary of friction
theory, a description of the test eqnipment and procedures, and
a discussion of the methods used to evaluate the test, data.

Of the seals tested, two-element Teflon rings, uted iii conjunc-
tion with an "O"-ring backup, had the lowest friction levels.
The dynamic tesponse tests showed that all of the test seals
affected the servo characteristics to approximately the same
degree. However, a high seal friction level will actually
deteriorate the response time of the servo; and thus may seri-
ously affed, its dynamic character2stics.

1.4, 5.2

Aircraft, Hydruulic

3.1-5 INVESTIGATION OF EFFECT OF REDUCTION OF VALVE FRICTION IN A
POWER CONTROL SYSTEM BY USE OF A VIBRATI?

Philiips, W. H.
NATIONAL ADVISORY COIITTEE ON AERONAUTICS
RM L55EiSn, CONFIDENTIAL. No Date
AD 67025

1.4

Aircraft., fydz.Ail JC

3.1 CROSS REFERENCES

1.2-2 5o1i A.0_4
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Flow For(es

3.2-1 COMPENSATION OF STEADY-STATE FLOW FORCES IN SPOOL-TYPE HYDRAULIC
VALVES

Clark, R. N.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
79:1784-8, Novemb'r 1957

Three heretofore unreported schemes for reducing the steady-
state flow forces in spool-type hydraulic valves are described.
Experimental data are presented which compare the steady-state
flow-force characteristics of valves using each of these schemes
to the characteristics of uncompensated valves.

i.4

Aircraft, Hydraulic, Spool Valve

3.2-2 STEADY-STATE AXIAL-FLOW FORCES ON PNEUMATIC SPOOL-TYPE CONTROL
VALVES

Feng, T. Y.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS
Paper 57-A-129 for meeting December 1--6, 1957
See 3.2-18

The momentum theory is used to determine the steady-state axial-
flow on a pneumatic control-valve spool, caused by the compres-
sible fluid passing through the sharp-edged orifice. The
experimental results compare favorably with the theoretical cal-
culations for valve displacements of 0.005 in. and less at supply
pressures not exceeding 500 psg. Pneumatic flow forces as
compared with hydraulic flow forces on the same valve spool are
higher in the unchoked flow regime (Pdown/Pu5 > 0.528) but lower
in the choked-flow regime (Pdo n./Pup 5 0.5287.

1.4

Aircraft, Pneumatic, Spool Valve

3.2-3 STATIC AND DYNAMIC CONTROL CHARACTERISTICS OF FLAPPER NOZZLE
VALVES

Feng, T. Y.
AYMRICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS,
SERIES D.
81:275-84, September i959

A basic study was conducted on a flapper-nozzle hydraulic con-
trol valve to explore in detail its static and dynamic control
characteristics. These stati( and dynamic control characteris-
tics are presented and both the theoretical and experimental
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results compared. Correlation between the theoretical and

experimental results were found to he quite good.

1.4, 2.2, 4.2

Aircraft, Hydraulic, Servo Control, Flapper-Nozzle Valve

3.2-4 DYNAMIC FORCE REACTIONS IN DOUBLE-PORTED CONTROL VALVES
King, C. F. et al.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
73.1101-7, November 1951

Torsional torce reactions on V-port. inner valves, and vertical
force reactions on plug type inner valves in doubte-ported
control-valve bodies are of sufficient magnitude to cause con-
cern if pressure drop is high. These forces are proportional
to the mass velocity of the flowing fluid. It is possible to
design inner valves so that these forces will be reduced to a
point where they are not objectionable.

Industrial, Flow Control Valve

3.2-5 CONTRIBUTIONS TO HYDRAULIC CONTROL-i. STEADY-STATE AXIAL
FORCES ON CONTROL VALVE PISTONS

Lee, S. Y., et al.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. TRANSACTIONS
74: 1005--10t I. 15j2

A theory is given of the origin of the steady-state force
exerted upon a piston by fluid flowing past its corner, brief
reference is made to a considerable body of experimental evi-
dence in support of that theory, and a practical valve construc--
tion is described which very nearly lilminates that force.

i .4

Aircraft, Hydraulti Spool Valve

3.2-6 TORQUE ANd CAVITATION CHARACTERISTICS OF BUTTERFLY VALVES
Sarpkaya, T.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS,
SERIES E.
28.511-8, December 1961

The present study deals with torque and cavitation characteris-
tics of idealized two-dimensional and axially symmetrical
butterfly valves. Theoretical results obtained for the two-
dimensional case are compared with the ones obtained experiment-
ally and by a relaxation technique. Based on the results of the
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two-dimensional case, an approximate solution is presented for
the more general and practical case of three-dimensional butter-
fly val,:ef . The results are in good agreement with the actual
flow tests.

2.2, 2.6

Aircraft, Liquid, Butterfly Valve

3.2-7 DISLAARGE COEFFICIENTS AND STEADY-STATE FLOW FORCES FOR HYDRAULIC
POPPET VALVES

Stone, J. A.
AMERICAN SOCIETY OF MECHANICAL ENGINrERS, TRANSACI'IONS,
SERIES D, JOURNAL OF BASIC ENGINEERING. 82:144-54, March 1962
See also paper 59-HYD-18
See 3.2-16

Experiments were run on a poppet valve operating in hydraulic oil.
The experimental values of the flow forces and discharge coeffici-
ents were about 25 percent below the predicted theoretical values.
Although there was some scatter in the values of discharge coef-
ficients, there was good correlation for the flow forces.

Flow forces are strongly influenced by the downstream configura-
tion. The smaller the diameter of the downctream chamber, the
higher the forces.

2.2

Aircraft, Hydraulic, Poppet Valve

3.2-8 CONCERNING THE POSSIBILITY OF DETERMINING AN AXIAL HYDRODYNAMIC
FORCE IN A VALVE

Krassov, I. M.
AUTOMATION AND REMOTE CONTROL
19:210--3, March 1958

The paper deals with an axial hydrody miu force that appears in
valve hydraulic amplifier when the working liquid flows through
it. The amplifier described may be a meter of the force. The
experimental results are presented.

1.4

Aircraft, Hydraulic, Spool Valve

3.1-9 TORQUE AND FLOW CHARACTERISTICS OF A BUTTERFLY VALVE OPERATING
AT PRESSURE RATIOS ABOVE THE CRITICAL

Robinson, A.H.
GREAT BRITAIN, NATIONAL GAS TURBINE ESTABLISHMENT
NGTE Memo 304. July 1957
JSRP Control No. 57134
AD 146316
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A lenticular butterfly valve of 0.125 thickness/diameter ratio
has been tested at pressure ratios up to 4/1. Nondimensional
torque and flow characteristics are pi sented for the valve
installed in a straight pipe and in a bulkhead across a large
duct. It is shown that the flow characteristics are of the
form formally associated with the discharge of air through
any orifice, and are only affected by the valve installation
insofar as this affects the entry conditions and effective
flow area. The torque characteristics, however, are affected
by the valve installation to a much greater extent but their
general form can be explained by a simplified two-dimensional
consideration of the flow conditions.

2.2

Aircraft, Pneumatic, Butterfly Valve

3.2-10 NULL POSITION FLOW FORCES IN 3-WAY SERVOVALVES
Harrison, H. L.
HYDRAULICS AND PNEUMATICS
14:81-6. July 1961

Stability of a 3-way hydraulic valve depends on the balance of
flow forces in the valve's null position. This article ana-
lyzes a theoretical valve. In a future article, these princi-
ples will be selied to an actual valve design.

1.4, 4.2

Aircraft, Hydraulic, Servo Control, Spool Valve

3.2-11 PERFORMANCE ANALYSIS OF BUTTERFLY VALVES
Cohn, S. D.
INSTRUMENTS
24:880-4, August 1951

Data on butterfly valves obtained by different experimenters
are correlated in terms of coefficients of flow (C ), thrust
(C.) , and torque (Ct). The coefficients are derived in terms
of both static pressure differential and total pressure differ-
ential, including velocity head. Two classes of operation are
considered: (1) where delivery is limited by a downstream
pressure greater than atmosphere, and (2) where downatream
pressure is atmospheric or less and where, therefore, delivery
depends only on the opening of the valve. All in all, this is
the most informative single article on butterfly valves published
in the last decade.

2.2

Industrial, Liquid. Butterfly Valve
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3.2-12 BUTTERFLY CONTIROL VALVES
Dally. C. A
INSTRUMENTS
25.1717-9. 1761-2, 1764, December 1952

Operation of butterfly valves is clearly understood from exami-
nation of the unbdlanced and static torques. Selection and
sizing involves consideration of the torques, the system char-
acteristics, valve operators, and valve flow characteristics.

2.2

Industrial, Butterfly Valve

3.2-13 A STUDY OF AXIAL FORCES ON RECIPROCATING PRESSURE REGUIATOR
VALVES FOR THE MODEL FM 12 FUEL CONTROL ADVANCED COMPONENT
DEVELOPMENT PROGRAM

Long, H. A. et al
MARQUARDT A IRCRAFT COMPANY
Report 5393. CONFIDENTIAL. 25 April 1954
Contract AF33(616)38
AD 43108

Aircra ft

3.2-14 A PNEUMATIC FLAPPER VALVE STUDY
Norwood, R. E.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DEPARTMENT OF
,ECHANICAL ENGINEERING
SM Thesis. 1959

Aircraft, Flapper Valve

3.2-15 A CONTINUED STUDY OF' FLAPPER VALVES
Paw .ak, R. J.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DEPARTMENT OF
MECHANICAL ENGtNEERING
SM Thesis. August 1959

One of the important phases of the proper design of a hot gas
flapper-type servovalve for use in flight control systems is
the thorough understanding of the characteristics of the vari-
able downstream orifice of the valve. Norwood initiated this
work with a recent Master's thesis. Using sharp-edge nozzles,
he discovered and studied a hysteresis-type jumping effect of
the fluid flow pattern This thesis, a continuation of Nor-
wood's work, shows that a small flat on a nozzle's metering
edge eliminates the jumping effect and makes the pressure-
flapper force characteristics linear and much more desirable
from the design standpoint. The slope of these pressure-
flapper force characteristics is influenced by different, size
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nozzles, different amounts of flat on the nozzle tips, and
different nozzle-flapper spacings. Each of these influences
is described in this thesis. Theoretical analyses for both
sharp-edge nozzles and nozzles with flats are presented as an
aid in predicting the slope of these characteristics. The
theory and experiments are compared to explain what is happen-
ing in the actual situation.

This thesis is also an extension of the work reported by
Hohorst in a Haster's thesis on the dynamic stability of a
flapper valve-chamber system. Work was continued because of
the lack of agreement between Hohorst's theoretical analysis
and experimental work. It is shown that with improved experi-
mental technique, with the necessary modifications of the
theory in view of the newly found pressure-flapper force
characteristics, and with careful consideration for describing
the physical system in terms of the analytical parameters, the
stability criteria initiated by Hohorst over the limited range
considered in this thesis, do accurately predict the point of
marginal stability and can now be used confidently as a useful
tool in the future design of pneumatic and hot gas servovalves.

1.4, 2.2, 4.2

Aircraft, Hot Gas, Servo Control, Flapper-Nozzle Valve

3.2-6 INVESTIGATION OF DISCHARGE C(EFFICIENTS AND STEADY-STATE FLOW
FORCES FOR POPPET-TYIrE VALVES

Stone, J. A.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, DEPARTMENT OF
MECHANICAL 4INENRING
SM Thesis. January 1957
See 3.2-7

2.2

Aircraft, Hydraulic, Poppet Valve

3.2-17 DESIGN AND DEVELOPMENT OF AN APPARATUS TO STUDY THE FLOW-
INDUCED FORCES IN A POPPET-TYPE VALVE

Stone, J. A.
MASSACHUSETTS INSTrTUTE OF TECHNOLOGY, DEPARTMENT OF
MECHANICAL ENGINEERING
SB Thesis. 1955

Apparatus was designed to study the steady-state flow forces
acting on a poppet-type flo t valve. An analytical study was
made of the apparatus and experiments were run.
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lhe appara tus is easy to use but in its poresent form floes not
give usabie data. There i. a large hysteresis in the force
readings and the sensitivity is very low, The apparatus gives
good results in reading valve openings. The analytical method
was difficult to use but gave a simple answer.

It is rect,mmended that further work be done on the apparatus to
reduce the hysteresis and increase the sensitivity. Different
valve configurations should be made and tests run. With a few
modifications, the apparatus can be used for dynamic studies.

2.2

Aircraft. Hydraulic. Poppet Valve

3.2-18 STEADY STATE AXIAL FLOW FORCES ON PNEUMATIC SPOOL-TYPE CONTROL
VA LVES

Feng. T Y
PRODUCT ENG INEERING
29 19-11 Mid-September 1958
See 3.2-2

3.2-19 CONTRIBUTION TO THE STUDY OF BUTTERFLY VALVES
Gaden D
WATER POWER Part 1, pp 456-74 December 1951
Part 2, pp 16-22 January 1952

A description and discussi.,n of reduced-scale model tests made
by Ateliers des Charmilles S, A., Geneva. bib.

2.2

Industrial. Water. Butterfly Valve

3.2 CROSS REFERENCES

1.2-2 i.3-5 1.4-2 2.2-4 4.2-3 5.3-1 7.0-4
-8 -4 -16
-14 -6 -17

Detailed Static Force Analyses

3.3 CROSS REFERENCES

1.2-23 1 .3-1 2,2-b 4.2-3 7.0-4
-5
-6
-8
-13
-14
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4.0 TRANSIENT FACTORS

In many cases of valve design, only a simple approximation

of response time is required to either select configuration or confirm

acceptability. Subsection 4.1 is intended to contain such material.

The transient analysis of valves and establishment of stability criteria

is covered by subsection 4.2. This material could be considered simply

more detailed and rigorous than 4.1. Analyses and test data on the

basic aspects of unsteady flow are contained under 4.3. The subsection

headings are listed below:

4.1 Simple Response Time

4.2 Transient Analysis and Stability

4.3 Unsteady Flow, Blowdown and Charging

Preceding Page Blank
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Simple Response Time

4.1-1 DESIGN OF A HIGH SPEED VALVE
Heitland, H. H.
CALIFORNIA INSTITUTE OF TECHNOLOGY, GUGGENHEIM JET
PROPULSION CENTER
Technical Report 34. AROD Report 834:47. June 1961
Contract DA 04-495-ORD--1634
AD 262899
See 4.1-6

4.1-2 DETERMINING CLOSURE TIME IN MISSILE CONTROL VALVES
Kissner, R. L.
ELECTRONICS
33:88-9, October 14, 1960

Waveshape of the energizing current to the solenoid is differ-
entiated and shaped to trigger circuits timing the interval
between circuit closure and final solenoid position.

Aircraft, Solenoid Valve

4.1-3 HOW TO DETERMINE PNEUMATIC VALVE RESPONSE
Grover, D. P.
APPLIED HYDRAULICS AND PNEUMATICS
12:91-4, October 1959

More and more, designers must actuate mechanisms with rapid-
fire signals from a programming control. Using this procedure
developed at Armour Research, you can determine how long to
energize a solenoid valve for best operation of a fast-cycling
air cylinder.

Aircraft, Pneumatic, Solenoid Valve

4.1-4 DYNAMICS OF GAS-OPERATED MECHANISMS
Hirsch, R. A.
MACHINE DESIGN DATA SHEET
Reprint July 20, 1961

Nondimensional graphs simplify calculation of velocity, dis-
tance anu time.

Aircraft, Pneumatic

A-72



4.1-5 CALmULATING TIME LAG OF IIYDRAULIC AND PNEUIMATIC VALVES
Dodge, L.
PRODUCT ENG I NEER I N(;
127-158-0 , June 1956

Formulas nnd cuirves for cal('ulat ing the operating time
required by sprigs and solenoidts to open or close valves;
method for deteimining frictiontil resistance of valve spools;
design suggestions for itnvreasing the speed of operation.

4.2

Aircraft, Spool Valves

4.1-6 DESIGN OF A HIGH SPEED VALVE
Heitland, H..
REVIEW OF SCIENTIFIC INSTRUMENTS
32"1203-4, November 1961
See 4.1-1

A high-speed valve has been designed for opening a deLaval
nozzle in times less than i0-3 seconds.

Aircraft, Pneumatic, Pressure-Actuated Valve, Poppet

4.1-7 FAST ACTING G.S VALVE
Wetstone, D. M.

REVIEW OF SCIENTIFIC INSTRUMENTS
32:1209-11. November 1961

The design and operation of an ?le(trodynamically drive valve,
which is employed to detiver rapidly a gas pulse (0.6 cc STP)
with a sharp front, to the annulus of a coaxial plasmoid source
of small aspect ratio (2 -mm annulus at 2-cm radius) is
described. The spring-loaded piston holds the plenum closed
against pressures up to 2 atm. The piston is driven open by
eddy currents induced by discharging a capacitor through a coil
surrounding the plenum. A piston velocity of 5 cm/msec is
achieved in less than 20 /1sec and is maintained for 7 mm of
travel. The arrival of a gas front (air) at the annulus was
detected in 100 ttsec after firing, employing hot-wire anemon-
etry. The subsequent axial position and velocity of this
front, in the source annulus were determined as functions of
time and position, respectively. It was found that the initial
axial velocity of the front exceeded the stagnation sound speed
(though not the vacuum escape speed) and remained constant
until the displacement thickni ws from wall friction reached
the half-annulus spacing.

Aircraft, Pneumatic, Capacitive Discharge Colt Valve
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4A1 CROSS REFERENCES

1,3-1 2.3-1 7.0-14
-2

-5
-6
-8

-9
-14
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Transient Analysis and Stability

4.2-1 EFFECT OF OIL COLUMN ACOUSTIC RESONANCE ON HYDRAULIC V LVE
SQUEAL

Ainsworth, F. W.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
78:773-8, May 1956.
See also paper 55-SA-14

An outline is presented of a theory that oil-column resonance
is one likely cause of control-valve iscil.tation. It is shown
analytically and experimentally that acoustic resonance of the
oil in the lines which are attached to the valve can cause an
otherwise stable valve to squeal. Methods of eliminating the
oscillation are given.

1.4

Aircraft, Hydraulic, Spool Valve

4.2-2 CONTRIBUTIONS TO HYDRAULIC CONTROL--2. TRANSIENT FLOW FORCES
AND VALVE INSTABILITY

Lee, S. Y.
AMERICAN SOCIETY OF MEC71ANICAL ENGINEERS, TRANSACTIONS
74:1013+, Auigust 1952

An outline is presented of a theory of a trdnsient force
which is one likely cause of oscillation of control valves,
with supporting experimental evidence and methods of elimi-
nating it.

1.4

Aircraft, Hydraulic, Spool Valve

*4.2-3 DYNAMIC BEHAVIOR OF A SIMPLE PNEUMATIC PRESSURE REDUCER

TsaL, D. H., et aI.
AMERICAN SOCIETY OF MECHANICAL ENGINEERING, TRANSACTIONS
Paper No. 6OWA-186 for November 27, 1960, Also see 4.2-l

This paper presents an analysis of the dynamic behavior of a
simple pneumatic pressure reducer. Both the nonlinear and
the linearized problems were studied. Some experimental
results also were obtained on a working reducer model to check
the validity of the analysis. The agreement between the non-
linear solutions and tlie experimental results was satisfactory.
The nonlinear and the linearized solutions were compared in
detail so as to bring out the essentia! features of the dynamic
behavior in both cases. The stability problem wps studied also,
and a set of stability criteria for the linearized case was
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formulated in terms of the design and operating parameters of
the reducer. In the few sample cases studied, these criteria
gave correct qualitative predictions of the stability of the
reducer in both the linearized case and the nonlinear case.
The flow forceL on three typical flowmetering valves were
deterimined by experimental measurements (Appendix 2). These
results were used in the analytical part of the paper.

2.2, 2.5, 3.2, 3.3

Aircraft, Pneumatic, Pressure Reducer, Poppet

4.2-4 HOW TO CALCULATE CONTROL VALVE INSTABILITY
Turnbull, D E.
AUTOMAT ION PROGRESS
4:156-8, 172, May 1959

Most hydraulic control systems depend for their performance
on the behavior of a spool-or piston-type control valve.
There are several factors which may cause instability of
such valves: some have been known and analyzed for some time
and, after outlining the, the author describes recent work,
including his own, in deriving expressions for the effects of
other factors, such as load on the system. The calculated
results are shown to agree well with experimental work and
should enable designers to eliminate instability.

1.4

Aircraft, Hydraulic, Spool Valve

4.2-5 TRANSIENTS "N MECHANICAL SYSTEMS
Muller, J. T.
BELL SYST0M TECHNICAL JOURNAL

Excerpt from opening paragraphs. "A study of the response
of an electrical network or system to the input of transients
in the form of short-duration pulses is an accepted method
of enalysis of the network. By comparing the input and the
output, conclusions may be drawn as to the respective merit
of the various components.

Until recently, similar procedures were only of academic
interest with mechanical systems. However, the tests for
mechanical ruggedness, which are required of electronic gear
in order to pass specifications for the armed forces, are an
example of the application of transients to a mechanical sys-
tem. These tests are known as High Impact Shock Tests.
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A basic part of an ele(trical system is a damped resonant net-
work consisting of an inductance, a capacitance and a resist-
ance. A mass, a spring and a friction device is the equivalent
mechanical network called a simple mechanical system and a
combination of such networks is a general mechanical system.
It is, of course, advantageous to keep the mechanical system
as simple as possible without detracting from the general use-
ulness of the resulis obtained."

Aircraft

4.2-6 THE DESCRIBING FUNCTIONS RELATING THE INERTIAL REACTION FORCE
AND THE FLOW RATE TO THE SPOOL DISPLACEMENT OF A HYDRAULIC
PISTON-TYPE CONTROL VALVE

Noton, G. J.
ENGLISH ELECTRIC COMPANY, LIMITED
Report No. L.C.t. 029. 7 Feburary 1956
JSRP Control #560665
AD 108656

This report contains the derivation of the describing functions
relating the reaction force and flowrate to the displacement
of a hydraulic, piston-type control valve. It also contains a
brief analysis of the mechanics of the self-sustained oscilla-
tions of this valve when controlling the position of an iner-
tial load. The source of the energy sustaining these oscilla-
tions is discussed in detail in LC.t 028 (Noton and Turnbull,
1956).

The describing functions enable the approximate resonant
frequency of a hydraulic servomechanism incorporating such a
valve to be deduced provided the transfer functions of the
other components of the system dre known.

A few methods which might eliminate or reduce the oscillations
are briefly reviewed.

1.4
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4.2-7 SOME FACTORS INFUJENCING THE STABILITY OF PISTON-TYPE CONTROL
VALVES

Noton, G. J. et al.
INSTITUTION OF MECHANICAL ENGINEERS, PROCEEDINGS
172:1065-81, #4 , 1958

The reaction forre on an open, 9pool-type control valve acts in
such a directior as to close the valve. For this reason, a
4-way valve, having its closed position at the center of its
stroke, can overshoot if the reaction force imparts sufficient
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energy to it during closure. If there is insufficient damping
on the spool, a continuous oscillation may arise and the pres-
ent work investigates the dynamic behavior of a common type of
hydraulic position-control system in which such an oscillation
has been found to occur.

Good agreement is obtained between the predicted and experi-
mental minimum amplitudes and frequencies of oscillation and
also between the theoretical and measured pressure fluctuations
in the system. A graphvcal solution of the equation of motion
of the system is included in the results and with the aid of
"Describing Functions" the approximate dynamic behavior of
the system considerod riy be derived.

1.4

Aircraft, Hydraulic, Spool Valve

4.2-8 PNEMATIC OPERATORS FOR THROTTLING CONTROL
Eckman, D. P.
ITSTRUMENTS, December 1951

Analysis of the response and characteristics of spring-
diaphragm, springless diaphragm, and springless piston valve
operators shows the advantages of a new positioner which
uses a pneumatic rotary motor.

3.3

Industrial

4.2-9 CCKTROL VALVE DYNAMICS
Lovett, 0. P., Jr.
INSTRUE T SOCIETY OF AMERICA
Presented at Fall Instrument Automation Conference
and Exhibit, Los Angeles, California
Preprint No. 9-IA-61. September 1961

Industrial Valve

4.2-10 REGUIATOR ANALYSIS
Lefkowitz, I., et al.
ISA JOURNAL
2:361 1955

Industrial Regulator
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*4.2-I1 DYNAMIC BEHAVIOR OF A SIMPLE PNEUMATIC PRESSURE REDUCER
Tsai, D. H. et al.
U. S. NATIONAL BUREAU OF STANDARDS, PNEUMATICS LAB-
ORATORY
NBS Report 6600. December 1959
Contract NAer-01826, NAer-01880, NAer-O1881
Bureau of Naval Weapons Report RAAE-32-1
AD 232176

See 4.2-3

4.2 CROSS REFERENCES

1.2-15 1.3-2 1.4-2 2.2-4 3.2-3 4.1-5 7.0-4
-16 -5 -4 -10
-17 -12 -6 -15

-13 -7
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Unsteady Flow, Blowdown and Charging

4.3-1 NONLINEAR PROPERTIES OF CIRCUIAR (RIFICES
Thurston, G, B. et &l
ACOUSTICAL SOCIETY OF AMERICA, JOURNAL
29-992-1001, September 1957
Also see 4.3-7

The results of an experimental study of the nonlinear fluid
flow properties of thin, square-edged, circular orifices are
described. Liquids were used at low frequencies. The flow
conditions considered are a sinu oidal oscillation of the
fluid in the orifice and a sinusoidal oscillation with a
steady flow component added. For the sinusoidal flow condi-
tion the pressure differential developed across the orifice
contains higher odd harmonics. The addition of a steady flow
compo'. _ adds second harmonic to the pressure, as well as
influences the magnitude of the odd harmonics. Further, in
this case, the steady pressure component is a function of
the magnitude of both the sinusoidal and steady flow compon-
ents. An equation descriptive of the pressure-flow relation
is presented. In this equation the orifice properties are
specified by three constants, two of which are the acoustic
resistk-' &; %coustic inertance as normally measured at
low .itu.s of excitation. The relations derived from
this equation are compared with experimental measurements.

Aircraft, Hydr • ic

4.3-2 IN THE DECOI4FESSION OF A PUNCTURED PRESSURIZED CABIN IN
VACUUM FLIGHT

Demetriades, S. T.
AMMICAN ROCKET SOCIETY JOURNAL
pp. 35, 36 January-February 1954

This article derives the fundamental equation for sonic
blowdown through an isentropiLc nozzle, bib.

Aircraft, Pneumatic

4.3-3 NONSTEADY DISCHARGE OF SUBCRITICAL FLOW
Rudinger, G.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS
Paper 60-WA-152 for Meeting November 1960

The calculation of a nonsteady flow discharging into the
atmosphere, or into a large reservoir, is generally based
on the assumption that the effective exit pressure is the
same as if the flow were steady. In reality, however, the
steady-flow boundary conditions are asymptotically approached
after a disturbance produced by an incident wave, and
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recently published investigations provide a better approxi-
mation to these transient boundary conditions. Utilizing
these results, one can compute the rate of discharge and
compare it with the rate obtained in the conventional man-
ner. The difference between the results of the two calcu-
lations is used to define a lag error in the conventional
calculations. Examples for discharges through an open end
and through a sharp-edged orifice indicate that the actual
transient flow rate may deviate considerably from that com-
puted on the basis of steady-flow boundary conditions.

Aircraft, Pneumatic

4.3-4 SYMPOSIUM ON MEAStUREMENT IN UNSTEADY FLOW
ASME Hydraulic Division Conference, Worcester, Mess.
May 21-23, 1962

Aircraft

4.3-5 TIME OF DISCHARGE OF HIGH PRESSURE GASES
Geyer, E. W.
ENGINEER
168:30-63, 1938

Aircraft, Pneumatic

4.3-6 BLOWDOWN, CHARGING AND PUMPING PROCESSES USING PRESSURIZED
GAS

CALIFaRNIA INSTITUTE OF TECHNOLOGY, JET PROPULSION
LABORATORY
Literatire Search 135. CONFIDENTIAL

Aircraft

4.3-7 NONLINEAR PROPERTIES OF CIRCULAR ORIFICES
Thurston, G B.
OKIAHOMA A & M COLLEGE, RESEARCH FOUNDATION
Technical Report No. 2. May 1957
Contract DA23-072-ORD-583. Project TB2-O001(1336)

See 4.3-1

4.3-8 SOME GEOMETRICAL EFFECTS ON THE NONLINEAR PROPERTIES OF
ORIFICES

Thurston, G. B. et al.
OKIAHOMA A & M COLLEGE, RESEARCH FOUNDATION
Technical Report #3. May 1957
Contract DA 23-072-ORD-583. Project TB2-0001(1336)

AD 134911
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The results of a study of the effect of some geometrical
conditions on the nonlinenj properties of fluid flow through
urifices is presented. The 1nometrical conditions considered
are interactior hitweer circpiar orifices; circular, rec-
tfniular, s-d square iIhaoe, FqLqre, round, and bevel-edged
coiidi,-rH; nons:5,metic bevel- ' ged orifice. These samples
are st-,de, f.,- qlrusodal flu.d motion ia the orifice. It
is found chdt, f ,r a't sym'ctr - samples, the basic form of
the odd hrrmonr pres'ure components developed is unchanged
by ger-metr- or t ioisyrmetric sample, the pressure con-
tains bot . ,d and o. i 'armo.i-',. as well as a stealy
componerL.

, iri raft, Hydraulic

4 3-9 (ON THE FLOW IN A HIGH PRESSURE VALVE
Goldsworthy, F. A.
ROYAL SOCIETY, PROCEEDINGS, SERIES A.
218;69-87, June 1953

This paper develops an approximate theory which seeks to
determine the flow in a valve. The dependence of the flow
upon such parameters as the initial pressure ratio across
the valve, the speed of opening and design of the valve is
indicated. An idealized type of valve is selected--two cones
iritially joined at their apices and having equal solid
anrles, are "telescoped" together with constant velocity.
This valve allows a transformation of the equations of motion
(considered here to be unsteady and one dimensional) to a
form identical with those governing unsteady spherical motion.
A similarity solution of these equations is then found. The
strengths of the shock and contact discontinuity, which move
into the low-pressure side on opening the valve, are obtained
for various values of the initial pressure ratio and the Mach
number of the valve (the ratio of the velocity of "telescop-
ing" to the initial velocity of sound). A "critical" rela-
tionship is established between the initial pressure ratio
and the Mach number of the valve such that the flow velocity
at the throat is just sonic; i.e., the valve has "choked;"
elsewhere the flow velocity is subsonic. Above this "criti-
cal" pressure ratio the theory indicates that "choking" per-
sists and the supersonic flow is established ahead of the
throat and is bounded by a second shock, which follows the
contact surface and the first shock already mentioned. The
flow exhibits the principal features of steady flow in a
nozz'.e; typical quantitative differences are exhibited in
several practical exemples worked out on the basis of the
theory.

Aiicraft, Pneumatic, Poppet Valve
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4.3.10 ANALY1ICAL !NVESTIGATIUN 01 BLOWDOWN AND B AR6ING PH-WFS1;-1*h-
IN SINGLE GAS REkEIVER fN"LUDINGj EFFF' TS OF HEAT TRANSFER.
PARTS I & 2

Reynoida, W. 4".

STANFORD UNIVERSITY. DEPARTMENT (IF ME, HANICAL ENGINEERING
Techtiira, Report N . T IT-2. Outoher 19V51 and December

Coolt Id N I, ONR -If-3a . 'Ias-k Order

Techniual Report T-2. Iti thi-n report, experimetal data for the
biowdown proteza in .t singlie dit teceiver is pre-4ented and dis-
cussed ini defail. The data inidicate that the analyses pre-coted
iii art earlier report ater uz-eful for designi purposes arid give
rea,-onat-le pert otmdnte predictions for balowdown s 'vst.ems where
heat. trarifer from and through the receiver wails ~s important..
The dta anid dnalv!-e itidi~ate that heat trtiiisfer may be
neglected on)%J fr ext remeiv rapid blowdowti proces.4es.A arid must
definiteiv be (osidt-itc in the de-.igv of most te,-hnrcaI systems
involvitig hi iwdowtn,

4.3-11 PRESSURE HISTORY OF A GAS TANK BLED BY A VENT VALVE
13410- 1 H. W.
rIHCMPI-(.,% RAMt(; W',OIJ)Ro:D(k iNC ORPORATED
Re*pcrt, GM TM 44, EM #--2, W'DD Doumeit No. 7 2074.No date

AD io2

The pres-,urto hi-tor%, in evoived for a mixture of ideai gases
which expand adxahatitally fhrough a io-,s-leb valve of kliowi

cha ra cte ri stics,

The rse.ir area of thc- vaivvt i! computed tor a s.tipu-

fated w4 -:ght flow at g~ven temp-rature anid pre--nsure. Further-
mo)r( an) t7xptt- !;knri for the mo~e-u,ur weight of t rrixtutu of two
gas-e is dr.%r as, a fun.. tion, of tihe etatxt ol the two gases avid

the weight (of one af them.

The hisforv of t.ft- presitire rti~io is (t.wputed arid shown in
graphicai form for ta ast~ wifth known tmi '. properties- of the
expanding gas.

Aircraft, Piieumatic

4.3 CROSS REFERENCES
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5.0 VALVE SEALING

The primary objective of most valves is to shut off flow. In

rocket and spacecraft applications, the leakage requirements often exceed

the state of the art. Emphasis has been placed herein on valve sealing

as being both fundamental and yet analytically neglected. Data have been

collected on the subject matter under the subsections listed below in an

attempt to shed some light on this most important phase of valve design.

Cross-references will contain such material as was considered pertinent

to each subsection. The divisions of the section are as follows:

5.1 Leakage and Analogous Flows

5.2 Seals, Leak-Detection Methods and Measurements

5.3 Seating

5.4 Contamination

5.5 Friction and Wear

Investigation of the references cited under 5.1 will show that

most of the material is "analogous flows." Subsection 5.2 covers the

subject material indicated. Subsection 5.3 is meant to contain only

information contributing directly to the understanding and analysis of

valve seating; i.e., information on the relationship of stress, surface

finish, geometry, wear, etc., on leakage. The prosaic article on seat

hardness was included more because of title applicability than content.

The co-article on microtopology sets the theme c-f the subsection. Valve

contamination references are contained under 5.4. The subject matter

under 5.5 has been included primarily for data on the basic wear process.

Accompanying information on friction should not be confused with the

friction data of 3.1 which deals specifically with valves.

Preceding Page Blank
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Leakage and Analogouc Flows

5.1-1 FLOW OF COMPRESSiBLE FLUID IN THIN PASSAGES
Grinnell, S. K.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
78.765-71, May 1956. See also paper 55-SA-13

Pressure distribution and wuight-flow rate can be predicted for
laminar compressible-fiuid flo, in a thin passage by use of the
methods presented in this laper. A simplified method can be
used readily when the fluid forces due to viscous Ection predom-
inate over those due to acceleration of the fluid. A more com-
plicated trial-and-error method seems to be required for larger
passages where, though the flow may be laminar, the momentum
effects due to acceleration of the compressible fluid are
appreciable. An experimental apparatus was used to exa. ine the
validity of thi analytical work. Experimental pressure diatri-
butions agree within a maximum deviation of 50 percent with pre-
dictions of the simplified theory. Dimensionless plots of
pressure distribution are presented with experimental curves of
flowrate vs pressure ratio for various ratios of passage length,
L, to passage height, h. These ploto, together with simple
equations, have been prepared for direct use by the designer.

2.1

Aircraft, Pneumatic

5.1-2 GENERAL METHOD FOR CORREIATING lABYRINTH SEAL LEAK RATE DATA
Heffner, F. E,
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
SERIES D
82:265-75, June 1960

The proper selection of a., optimum labyrinth seal for a given
application depends upon an accurate estimate of the seal leak
rate. Suitable accuracy, particularly for straight labyrinth
seals, can only be obtained from actual seal tests. Testing a
complete series of seals is time consuming and expensive. A
method for correiating test data is presented which allows cal-
culation of the leak rates for an entire family of labyrinth
seals on the basis of tests of only two ca|ararteritic seals.
Leak rates predicted by the method are within 3 percent of the
basic test data.

2.1

Aircraft, Pneumatic
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5.1-3 PRESSURE DROP AND FLOW CHARACTERISICIfS OF SHORT CAPILLARY '1TBES
AT LOW REYNOLDS NlMIBERS

Kreith, F. et al.
AMERICAN SOCIETY OF MECHANICAL FNGINEERS, TRANSACTIONS
79:1070-8, July 1957

The pressure drop and flow characteristics of short capillary
tubes have been investigated experimentally for length-to-diameter
ratios varying from 0.45 to 18 at diameter Reynolds numbers
rangirg from 8 to 1500.... The results of this study have appli-
cation to: (a) Simulating flow through screens, doors, cracks,
and fissures in small-4cale model testing of buildings in atmos-
pheric wind tunnels. (b) Automatic control devices where
capillary tubes are used as hydraulic resistances in a larger
line and in nozzle-flapper combinations. (c) Heat. pumps and air
conditionLtIg equipmpnt where short capillary tubes are used as
two-way control valves. (d) Flow through compact heat exchangers
and porous materials.

2.1

Aircraft, Hydrar-lic

5.1-4 THROUGH FLOW IN CONCENT7RIC AND ECCENTRIC ANNULI OF FINE CLEARANCE
WITH AND WITHOUT RElATIVE MOTION OF BOUNDARIES

Tao, L. N. et al.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS
77:1291-301, Nrvember 1955, See also paper 54-A-175

The problem of the through-flow across annuli of fine clearance
has been investigated both theoretically and experimentally.
The study includes the effects due to the relative motion of
the walls and to varying degrees of eccentricity of the bounding
surface. The experimental work was carried tip to a Reynolds
number, based on the diametral clearance, of 30,000. The theo-
retical results are presented both graphically and in the form
of equations. Nomographs are included for rapid solution of
certain engineering problems.

2.1

Aircraft, Hydrauil ic

5 1-5 FUJID MECHANICS APPROACH TO LABYRINTH SEAL LEAKAGE PROBLEM
Vermes, G.
AMERICAN SOCIETY CF MECHANICAL ENGINEERS, TRANSACTIONS,
SERIES A
JOURNAL OF ENGINEERING FOR POWER

83:161-9, April 1961
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The paper describes investigations of labyrinth seals carried
out recently; derives new theoretical and semtheoretical for-
mulas for computation of the leakage which agree within 5 per-
cent with the tests for three different types o' seals; off-
design performance of the seals is treated theoretically and
experimenta l ly.

2.1

Aircraft, Hydraulic

5.1-6 LABYRINTH SEAL LEAKAGE ANALYSIS
Zabriakle, W. et al.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, TRANSACTIONS,
SERIES D
JOURNAL OF BASIC ENGINEERING.
81:332-6, September 1959

The leakage flow through labyrinth seals in turbomachinery has
been the subject of increasing concern as refinements and
advances in design are made. Accurate knowledge of seal leakage
is necessary in at least three areas of design: (a) estimating
the effect of seal leakage on performance; (b) regulating the
leakage flow required for cooling purposes; (c) determining the
thrust-bearing load which is a function of the pressure drop
through the seal. This paper is concerned primarily with the
fluid-flow aspect of gas leakage through labyrinth seals of the
types commonly used in gas and steam turbines. This includes
staggered and unstaggered seals of the axial type, which are
most conmonly used in turbomachinery. The attention to fluid
flow considerations does not imply that material compatibility
and operating problems of expansion, deformation, and rub-in are
unimportant. In fact, these mechanical considerations may over-
rule the fluid flow considerations. For the foregoing reasons,
it is desirable to be able to predict seal leakage flows, and
thus this aspect of seal design has been singled out for con-
sideration here.

2.1

Aircraft, Pneumatic

5.1-7 THE PERMEABILITY OF FABRICS TO AIR WITH PARTICULAR REFERENCE TO
PARACHUITE MATERIALS. PART III. A STUDY OF AIR FLOW THROUGH
SINGLE APERTURES F SMALL SIZE

Goodings, A. C. et al.
CANADA, ONTARIO RESEARCH FCUNDATION
No report number. December 1961
AD 272525
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A study of air flow was carried out, on single apertures of small
size extending downward to areas comparable with the interstitial
areas in parachute fabrics. While the flow behavior, even in Lhe
case of' the smallest holes examined, can be described as approxi-
m ting the nonfrictional conditions of the Bernoulli equation,
the discharge coefficients calculated on this basis show a con-
siilrable range in magnitude. Factors influencing this spread
are considered in the light of the experimental results.

2.1

Aircraft, Pneumatic

5.1-8 GAS FLOW THROUGH SMALL ORIFICES
Osburn, J. 0. et al.
CHEMICAL ENGINEERING PROGRESS
50:198-9, April 1954

Measurements were made of the rate of flow of air Fnd helium
through small circular holes in thin plastic film. The results
are shown as a graph of orifice coefficient vs Reynolds number.
The findings are similar to those previously reported for a
square-edged orifice, and extend the range of orifice coefficient
measurements to lower Reynolds numbers.

2.1

Aircraft, Pneumatic

5.1-9 LOW PRESSURE GAS FLOW IN A CONSOLIDATED POROUS MEDIA. I. FLOW
THROUGH A POROUS CERAMIC

Ash, R.

FARADAY SOCIETY, TRANSACTIONS
56:1357-71, 1960

Experiments have been carried out near room temperature on low-
pressure gas flow through a porous porcelain ceramic made in the
form of a cylindrical rod about 0.3 cru in dia. and nearly 50 cm
in length, the flow occurring along f , axial direction only.
The gases used were the inert gases; hydrogen. nitrogen, oxygen,
ethane, carbon dioxide, and sulphur dioxide.

2.1

Aircraft, Pneumatic

5.1-10 FLOW THROUGH AND BLOCIKAGE OF CAPILLARY LEAKS
Burrows, G.
INSTITUTION OF CHEMICAL ENGINEERS, TRANSA(TIONS
39:55-63, #1, 1961
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To help in understanding the behavior of small leaks in vacuum
equipment, the various types of gas flow that can occur through
small-bore capillaries are considered, and some formulae are
derived that represent flowrates under different conditions.
The factors that control the flow of liquids through capillaries
are rcviewed, together with the behavior to be expected when a
volatile liquid evaporates from a capillary into a vacuum. The
limitations imposed by porosities are examined, taking into
account the special features of adsorbed low. Some causes of
capillary blockage are investigated, including surface tension
and surface adhesion effects, and the conditions under which the
influence of viscosity exerts a significant restriction. The
removal of such blockage by a pressure difference and by evapor-
ation is discussed.

2.1

Aircraft, Pneumatic and Hydraulic

5.1-11 FLOW OF AIR THROUGH RADIAL IABYRINT1i GLANDS
Kearton, W. J.
INSTITUTION OF MECHANICAL ENGINEERS, PROCEEDINGS
169:539-52, #30, 1955

A theory for the flow of air through a radial gland has been
worked out for both outward and inward flow. Expressions are
derived for the pressure distribution in each kind of flow, and
it is shown that the critical pressure ratio can be reached
only in the final constriction. Experiments were made on a
gland having a single ring and also on a 20-ring gland of the
staggered type. The discharge coefficients in the latter gland
were lower than those in the single-ring gland, possibly due to
the different approach conditions. The observed pressure dis-
tribution in the multiring gland agreed well with the theoretical
value. Finally, some experiments were made with unstaggered
radial glands under various conditions. Discharge coefficients
greater than unity were measured.

2.1

Aircraft, Pneumatic

5.1-12 ALMOST FREE MOLECULE FLOW THROUGH AN ORIFICE
Liu, V. C. et al.
JOURNAL OF THE AEROSPACE SCIENCES
27.875-6, November 1960

2.1

Aircraft, Pneumatic
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5.1-13 FLUID FLOW THROUGH POROUS METALS
Green, L. Jr., et al.
JOURNAL OF APPLIED MECHANICS
18:39-45, March 1951

A method is outlined for correlating experimental data obtained
in studies of the flow of gases and liquids through porous
metals. The correlation is based upon the suggestion of
Forcheimer that the pressure gradient attending thc. flow of a
liquid through a porous medium can be expressed as a function of
flowrate by a simple quadratic equation. An equation of this
type defines two length parameters necessary for characterization
of a porous structure and permits a general definition of the
Reynolds number for a structure of arbitrary complexity.

2.1

Aircraft, Pneumatic and Hydraulic

5.1-14 PHYSICAL THEORY FOR CAPILLARY FLOW PHENOMENA
Miller, E. E. et al.
JOURNAL OF APPLIED PHYSICS
27:324-32, 1956

From the assumption that the microscopic behavior of the liquid
in an unsaturated porous medium is controlled by the physical
laws of surface tension and viscous flow, differential equations
governing the macroscopic flow in such a medium are deduced.
No special pore-shape assumptions are required, but one topolog-
ical approximation is needed; i.e., that neither isolated drops
nor isolated bubbles occur. Several nonessential simplifying
assumptions are used; i.e., that the macroscopic properties of
the medium, the character of the liquid, and the pressure of the
gas are independent of position, lime, and direction. The macro-
sopic equations are obtained in a fully reduced form, permitting
comparison between two media--or hetween two flow systems--that
differ only by scaling factors.

A novel feature of this calculation is its prediction that the
liquid-transmission and liquid-capacity properties of an unsat-
urated medium will exhibit hysteresis in their dependences upon
the liquid-gas pressure differential, p. The properties of the
medium depend upon the pressure history but are invariant to
m6notonic time-scale distortions of that history. Such time-
invariant functionals have been termed by the authors "hysteresis
functions," symbolized by the subscript, H; e.g., FH(p). Although
methods for measuring and describing the characteris ics of spe-
cific "hysteresis functions" have not yet been developed, the
general validity of this analysis can be studied experimentally
by testing predictions that are contained in the reduced variables.

2.1
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5.1-15 FLOW OF GASES IN POROUS MEDIA
Wilson, L. H. et al.
JOURNAL OF APPLIED PHYSICS
22:1027-30, August 1951

This paper presents a brief theoretical review of the viscous
and free molecular flow phenomena. The equations which describe
these two types of flow are applied to flow thiough porous
media and are combined to yield a semiempirical equation which
may be used not only for the viscous and free molecular flow,
but also for the transition region between these, Experimentally
determined limiting values of the ratio of molecular mean free
path to pore diameter are reported. These ratios may be used to
indicate the nature of flow in a porous media provided the pore
size is known, or they may be used to deteriine pore size
experimentally.

2.1
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5.1-16 A NOTE ON THE FLOW OF GASES THROUGH VERY FINE TUBES
Sears, G. W.
JOURNAL OF CHEMICAL PHYSICS
22:1252-3, July 1954

It is shown that Knudsen's laws of flow for rarefied gases must
be modified for very fine tubes. Gas flow occurs by diffusion
of molecules in the adsorbed layer on the tube walls as well
an in the gas phase. When the tube dimension is comparable to
the mean free path in the gas film, the two flow mechanisms
become comparable in effectiveness.

2.1
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5.1-17 FLUID FRICTION IN ANNULI OF SMALL CLEARANCE
Nootbaar, R. F. et al.
PROCEEDINGS OF2nd MIDWESTERN CONFERENCE ON FLUID MECHANICS
Ohio State University Engineering
Experiment Station Bulletin #149
PP 185-99, 1952

2.1
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5.1-18 CONSTRUCTION OF SMALL FLCED LEAKS OF PREDICTABLE THROUGHPUT
Gordon, S. A.
REVIEW OF SCIENTIFIC INSTRUMENTS
29:501-4, June 1958

A method is described by which glass capillary leaks with
extremely small flow rates can be easily and rapidly produced.
The predictability of these leak rates is determined by the
resolution of the optical system used in measurement of bore
diamete Data are given which will allow construction of such
leaks. A manifold of leaks is described which will introduce
gas into a high-vacuum system at several different fixed leak
rates. It contains no moving parts or high vapor pressure
material on the high-vacuum side, yet the leak rates can be
manipulated over a wide range. The characteristic features of
these leaks are shown to be reasonable in light of well-
established theory.

2.1
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5.1-19 CONTROLLED CAPILLARY GAS LEAK
Smither, R. K.
REVIEW OF SCIENTIFIC INSTRUMENTS
27:964-5, November 1956

A relatively simple adjustable capillary leak is described in
which the gas flow is controlled by regulating the temperature
of the gas in the capillary. This capillary leak contains no
moving parts and can be controlled from a distance. The actual
controlled flow is compared with the theoretical predictions,
and a calibration curve is shown.

2.1
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5.1-20 LOW FLOW VARIABLE LEAK
Milican, R
UNION CARBIDE NUCLEAR COMPANY
Research and Development Report, KY-166. February 1956
Contract W 7405-eng-26
AD 92901

2.1

Aircraft

A-93



5.1-21 THERMALLY OPERATED GIASS VALVE TO PROVIDE VERY SMALL CONTROLLED
GAS FLOW RATES

Forman, R.
U. S. NATIONAL BUREAU OF STANDARDS
NBS Report 1762. June 27, 1952
ATI 168762

2.1
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Seals, Leak-Detection Methods and Measurements

5.2-1 TESTING OF METAL BOSS SEALS
Kupiec, H. P.
A IRCRAFT EQU I PMENT TEST ING COMPANY
W TR 55-163. April 1955
Contract AF33(600)26548
AD 74322

The metal boss seal was conceived by Wright Air Development
Center to meet the requirements of hydraulic and pneumatic sys-
tems with operating pressures up to 5000 psi, and temperatures
a3 low as -100*F, and as high as 6000F. Basic development on
the seal was accomplished by Wright Air Development Center.
Further development work and testing of the seal were performed
by the Aircraft Equipment Testing Company. The application of
the metal boss seal involves the use of deformable metal ring
in conjunction with standard AN hydraulic fittings with
AND1O056 or AND1O057 fitting ends in standard AND1O050 bosses.
It is concluded that the metal boss seal possesses the desir-
able characteristics for a boss seal as indicated by tests con-
ducted on size -5, -8, and -12. The metal boss seal is
considered relatively simple and reliable. With proper choice
of material, it i. possible that this seal design may be suit-
able for operating temperatures above 6000F. This seal is
being considered as a replacement for the current standard
AN6290 synthetic rubber gasket.

Aircraft

5.2-2 COMPOSITE SEAL MATERIALS FOR EXTREME ENVIRONMENTS
Headrick, R. E.
ARMOUR RESEARCH FOUNDATION
FINAL REPORT, ASD TR v2-28 6 . March 19062
Contract AF33(616)7310, Project 7340
AD 274O82

Aircraft

5.2-3 COMPOSITE INORGANIC RESILIENT SEAL MATERIAL
Smith, L. L.
ARMOUR RESEARCH FOUNDATION
WADC TR 59-338, part, 4. March-November 1961
Contract AF33(616)75!0, Project 7340
AD 275600

The principal objective of this research program is for research
on and the evaluation of composite materials suitable for use
as static and dynamic seals at temperatures ranging from cryo-
genic to 1500 0 F and pressures up to 5000 psi.
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The principal are',s covered by the report are as follows:

1. Materials tesearch. Composites made of stainless steel or
molybdenum sl.eletons impregnated with babbitt for cryogenic tem-
peratures sad copper for elevated temperatures were obtained
using carbon molds for casting.

2. Static, Seals. Included are studies of low- and high-pressure
seals for space vehicles. In testing six-inch-diameter molyb-
denum-silver seals, spring-types such as C-rings were found to
require less clamping force than solid types such as 0-rings.

Babbitt and indium fillers for cryogenic seals were successfully
employed with molybdenum and stainless steel skeletons at
-319"F to retain 2000-psi helium pressure.

3. Dynamic Seals. The sealing of rotating and reciprocating
shafts with metallic composite seals is discussed, as well as
dynamic test fixtures developed on th,, project.

Using a stainless steel-silver seal with a rotating shaft flame-
sprayed with chromium carbide, successful sealing was obtained
at 84*F and 7570F, 5000 rpm, and pressures of up to 4000 psi.

6.1, 6.2

Aircraft

5.2-4 SEALS COMPATIBLE WITH LIQUID ROCKET PROPELIANTS, INCUDING
IRM (BIBLIOGRAPHY)

ARMED SERVICES TE CHNICAL INFORMATION AGENCY
ARD 133

Aircraft

5.2-5 SEALS FOR SPACECRAFT (BIBLIOMiAPHY)
ARMED SERVICES TECHNICAL INFOMATICN AGENCY
AEB 085

Aircraft

5.2-6 DETERMINATION OF LEAIKGE VAUJE OF SEALS
Meyer, E. A. et al.
BJIKSTEN RESEARCH lABORATRIES, INCORPORA1 2I)
VADC TR 54-16. November 1953
Contract AF33(038)15981
AD 413612

Aircraft
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5.2-7 EVAUATION OF HIG TEmPIIATUr HYDRAULIC SEAS
Web.ter, E. A.
DOUGLAS A IRCRAFT COMPANY, INCORPORATED
Report DEV 1792. WADC TR 55-120. January 19)5r
Contract AF13(0l1)231
AD 7('()11

Airicraft,

5.2-8 MECHANICAL SEALING AS IT STANDS TODAY
Lymer, A.
ENG INEERING
191:572-3, April 21, 196]

As mechanical seals are reqtired to perform new and more arduous
duties, it becomes increasingly important to understand the
basic mechanism of the sealing process.

Industrial

5.2-9 ALL METAL REED SEAL EVALUATION FOR 0-3000 PSIG PRESSURE
HYDRAULIC SERVICE

Hatfield, J. N.
FULTON-SYLPHON COMPANY
WADC TR 55-302. June 1955
Contract, AF33(606)28968
AD 97637

Evaluation tests of all-metal reed seals were conducted by the
Engineering Department of Fulton Syiphon Division, Robertshaw
Fulton Controls Co., Knoxville, Tennessee. The tests were per-
formed during the first quarter of the year 1955. Leakage
rates and total leakaters w_re accurately measured while the
test shaft cycled through the reed seals. Physical wear on
the seals was determined by measuring with a machinist's micro-
scope before and after testing. At temperatures of 30*F and
70-F, test results indicate the feasibility of using an all-
metal reed seal in aircraft hydraulic systems at normal operat-
ing pressures up to 3000 psig.

5.5

Aircraft, Hydraulic

5.2-10 BUBBILE WAK DETECTION
Biram, d. G. S.
GREAT BRITAIN, ATOMIC ENERGY RESEARCH ESTABLISIMENT
AERE Report No. CE/M 2066; HX 2797. March 1957
AD 154814

Aircraft
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5.2-Ii A RESEARCH PROGRAM ON THE INVESTI(ATION OF SEAL MATERIALS FOR
HIGH TEMPFATURE APPLICATION

Baskey, R. 11.
HORIZONS INC 3RPORATED
WADC TR 58-181. June 1957-March 1958
Contract AF33(616)3891
AD 155689

Novel rotating seal inaterials for potential aircraft opplica-
tions at high speed and high temperatures were developed and
tested under conditions of no external lubrication. These
materials were arrived at, after a systematic study of the
wear behavior of:

1. P re refractory hjrd metals.
2- Binary alloys of pure refractory hard metals, bonded with

nickel.
3. Ternary alloys of pure refractory hard metals, bonded with

nickel and infiltrated with silver.

Tests were conducted to determine the benefit derived from
additions of nickel or silver to the refractory hard metals.
The nickel acts as a tough, oxidation-resistant matrix. The
3ilver was added to act as a lubricant as it softens at high
emperatures. This aida the shearing action between mating
irfices and lowers tho surface friction,

ternary alloys prepared by pcwder metallurgy techniques
consisting of high percentages by weight of a refiictory

h, I metal, with nickel and silver additions, show superior
weu qualities when run against either tool steel or Inconel.
Test; were made at sliding speeds of 30,000 fpn. and ambieht
temupexatures up to 1350*F. The best alloys contained either
tungsten boride (WB) or chromium nitride (CrN) as the hard
refractory metal,

The WB alloy exhibited a constant wear rate at all temperatures
agaiust tool steel. The wear rate of the CrN alloy decreased
at . e higher temperatures.

All ternary alloys run against Inconel displayed a decrease in
wear rate at ambient temperatures over 60G'F. The wear
decreased as a function of temperature for several ternary
alloys against tool steel.

Ap impregnated graphite seal cated with an oxidation resistant
layer of zirconium carbide shbwed improved wear properties over
,A regLlar graphite impregnated seal at an ambient temperature
of 1050°F and sliding speeds of 14,000 fpm against stainless
steel type 303.

The finest wear perforoancp was attained when Kentanium K162B
ran against Eentanium K1G2B at sliding speeds of 1!,000 fpm in
sa amibient temperature of llO0F'.
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It ip hypothesized that, the wear process is drastically
infiuenced by the oxidation occurring on the rubbing surfaces
and that with proper choice of materials stable, complex
)xldes are formed which provide the correct solid lubricating

,'lm on each component and markedly lower the wear rate as the
temperature is increased.

5.5, 6.1
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5.2-12 INVESTIGATION OF HYDRAULIC LOW FRICTTON TEFLON CAP SEALS
Bruno J,, 0.
HYDRA POWER CORPORATION
W/DC TR 57-163, December 1957
Contract AF33(bOO)28637
AD 118213

A low fri(tion rod seal was required for hydraulic actuator'
which would increase "0" ring life drid miiumize rod seal teak-
age, A test a .tuat.or, rod seals and corresponding hydraulic
impulse and drivlng circuits were designed and built. BotL.
static and cycling tests were conducted on various size seals
with varying cioss sett,ional "0" ring Aqueeze. Final design
criteria are show. Recommendatons are made for additional
tests of similar and reiated nature,

Aircraft, Hydrau.-,c

5.2-13 STATIC SEAL STUDIES
Heywood, W. A.
U.S. ATOMIC ENMRGY COMMISSION, KNOLLS ATOMIC POWER ABORATORY
KAPL 974, June 1953
Contrat W 31 .109 erg-52
AD 23076

Aircraft

5.2-14 CONTROL ROD GAS SEALS
Heywood. W. A.
U. S, ATOMIC ENERGY COMMISSION, KNOLIS ATOMIC POWER lABORATORY
KAPL litb. January 1955
contract W 31-i09-eng 52
AD 56428

Aircraft
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5.2-15 LEAKAGE AND WEAR IN MECHANICAL SEALS
Mayer, E.
MACHINX DESIGN
32:106-13, March 3, 1960

What are the major factors causing leakage and wear in mechan-

ical seals?

Can leakage be ealcul, ted accurately?

What can be done to reduce leakage and wear?

Tests on unbalanced seals for 20,000 hours, with five face
mterial combinations and three different fluids, have given
some answers.,

No fluid pressure exists between seal faces, in contrast to
previous theories. Leakage, wear, and friction are determined
by boundary lubrication. Surface width has no influence on
leakage. Physical results confirm a new theory of fluid-
exchange flow.

Leakage varies with the square of the distance between touch-
ing faces, and inversely with the square of the face pressure.
No influence of viscosity has been noticed. Leakage is the
same for all fluids, but nearly 100 times greater for external
than for internal rotating seals.

Pesults reported are not limited to mechanical seals and may
also be used for oil seals, piston rings and clutches.

5.1, 5.5

A:rcraft

5.2-16 PARKER 0-RING HANDBOOK
PARKER SEAL COMPANY
Catalogue 5700, Revised October 1959

Aircraft

5.2-17 SEALS FOR PRE3SURES UP TO 10,000 ATMOSPHERES
Daniels, W. B. et al.
REVIEW OF SCIENTIFIC INSTRUMENTS
28:1058-9, December 1957

This note discusses the use of "armored" O-ring seals for the
pressure range to 10,000 atmospheres. In addition, a simple
high-pressure pump piston seal and a proprietary surface
treatment to reduce liability of galling of steel parts are
described.

Aircraft, Hydraulic
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5.2-18 DEVELOPiENT OF ROTARY AND TRANSIATORY SEALS
SYRACUSE UNIVERSITY, RESEARCH INSTITUTE
Final Report. July 1952-August 1954
Contract DA 30-115-ORD-363. Project TR 5-5059T
AD 48377

Aircraft,

5.2 CROSS REFERENCES

1.3-12 5 5-4 6.1-1 6.2-7 7.0-5
-13 -11

A-101



Seating

5.3-1 SEAT HARDNESS OF FLOW CONTROL VALVES
Fallows, D. H.
ENGINEER
197:934, June 25, 1954

The Canadian market is of growing importance to a number of
engineering firms in this country. The author here draws
attention to the circumstances, differing from those in the
United Kingdom, under which valves are used in Canada. He
recommends in particular, the fitting of hard valve seats,
not less than 500 Brinell, and has certain other pertinent
remrks to make about the design of valves, from his experience
as an engineering executive.

5.4

Industrial, Fiuw Control, Plug Valve

*5.3-2 SURFACE MICROTOPOGRAPHY
Tolansky, S.
INTERNATIONAL SCIENCE AND TECHNOLOGY
9.32-9, September 1962

Knowing the true character of the surface of materials, even
down to microstructures of molecular dimensions, is becoming
increasingly important. Such information can tell how 3ur-
faces are formed, how they are distorted under various
influences, how they are destroyed. Multiple-beam interfer-
ometry is one of the most powerful tools for examining the
microtopography of a surface. As presently practiced, it can
magnify the vertical dimension of surface irregularities up
to 500,000 times. This sensitivity means that vertical dis-
placements as small as 5 angstroms can be detected by the
interference of many light beams reflected from the surface
under study with those reflected from a reference optical flat
above it. Viewed in this manner, tiny areas of a surface are
characterized by a pattern of fringes--an optical contour map
quite similar to +he geologist's topographic contours. The
microstructures thus revealed are providing clues to puzzles
in a whole host of disciplines--from crystal physics to metallurgy.

5.3
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Contamina ti on

*5.4-1 INVESTIGATION OF DIRT SENSITIVTITY OF TURBO ENGINE CONTROL

C OMPONENTS
Ash, J. F. et al.
ARMOUR RESEARCH FOINDATION
WADC TR 54-479. PB 122476. October 1954
Contract AF33(616)421
AD 76873

Main otjective of this program was: (1) to analyze the effect
of basic geometric parameters of the valve assembly on the fric-
tion force caused by dirt particles, (2) to establish the cri-
teria for deposition of the dirt particles in the flow channels
of various geometry, (3) to develop a method for computation of
the leakage flow througb a smooth and a grooved clearance space.

The effect of the contaminant in the fuel on the friction force
was studied on two types of valves: sleeve valve and double-
poppet valve. It was found that the friction caused by dirt
particles generally increased with the spool diameter, the rate
of flow and the pressure differential across the valve assembly.
The friction also increased with the time intervals between two
consecutive movements of the valve spool, and tended to level
off after one hour. The effect of the bearing leagth on the
friction was less pronounced. The optimum surface finish was
found to be 5 to 10 microinches RMS, and the surface hardness
about 60 RC (for Arizona Road Dust). Surfaces smoother than
5 microinch RMS and harder than 60 RC brought no Zurther reduc-
tion in friction. It was also found that a constant rotary
motion applied to either sleeve or spool of a valve assembly
almost eliminated the friction entirely.

The phenomenon of deposition of the dirt particles was studied
theoretically, as well as by experiments conducted on trans-
parent models of an actual sleeve valve, pipe bends, channels
with restriction in flow, for different fluid velocities and
sizes of dirt particles. Specific recommendations were pre-
sented to avoid undesirable dirt deposition.

A fundenental study was made of the leakage flow through annular
clearance spaces for concentric, offset, and cocked positions
of a cylindrical and tapered spool inside a sleeve. The experi-
mental dr.ta obtained with spols of different clearances were
found to be in close agreement with theory. In addition, the
effect of the circumferential grooves inside the annular clear-
ances were found to be in close agreement with theory. In
addition, the effect of the circumferential grooves inside the
annular clearance space upon the leakage flow was investiga*'-d.
This led to the establishment of criteria for the design of
optimum groove shapes and spacing. It was found that the
grooves under certain conditions may give more leakage flow
than the smooth spool.
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The essential findings of this investigation were summarized and
presented in a condensed form with an intention to serve as a
guide for the problems concerning dirt sensitivity of valves.

1.4, 2.1, 2.6, 3.1, 3.2, 5.1, 5.3, 5.5

Aircraft, Hydraulic, Spool and Poppet Valves

5.4-2 ESTABLISHMENT OF DESIGN CRITERIA FCOR THE DEVELOPMENT OF DIRT
INSENSITIVE FLUID PRESSURE CONTROL ELEMENTS

Lee, J. C. et al.
ARMOUR RESEARCH FOUNDATION
AAF TR 6442. PB 118492. March 1952
Contract AF33(038)6494

Aircraft, Hydraulic

5.4-3 EFFECTS ON SERVOVALVES (CONTAMINATION REP(RT)
Meagher, G. F.
HYDRAULICS AND PNEUMATICS
15:49-51, February 1962

If fluid power is to march confidently into the promised land of
servo systems, the big obstacle it will have to overcome is con-
tamination. Component designers and system designers recognize
this end are working on the problem in two ways. First, they are
making components less susceptible to dirt. Second, they are
making systems cleaner by using better filtration. The following
six articles, prepared by experts in contamination control, point
out servovelve design features, methods of evaluating and classi-
fying contamination, and filter cleaning techniques.

1.I, 3.1

Aircraft, Hydraulic, Servo Control, Spool Valve

5.4-4 SERVOVALVE HYSTERESIS
Osgood, R. E.
HYDRAULICS AND PNEUMATICS
15:51-3, February 1962

Seivovalve hysteresis may be caused by slide sticking in the
valve. This report presents design factors for optimum slide
design to ieduce sensitivity to contamination.

1.4, 3.1

Aircraft, Hydraulic. Servo Control, Spool Valve
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5.4-5 PARTICLE EVALUATION (CONTAMINATION REPORT)
Rebert, C. J.
HYDRAULICS AND PNEUMATICS
15:58-64, February 1962

A single number which indicates total particle volume is a simpler
way to indicate contamination than particle count by size.

1.4
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5.4-6 SERVOVALVE DESIGN (CONTAMINATION REPORT)
Wheeler, H. L. Jr.
HYDRAULICS AND PNEUMATICS
15:54-6, February 1962

Servovalve reliability and performance depend on many factors,
including valve design, its filtering, and the contaminants the
filters must intercept. Part 1 of this series discusses servo-
valve design and major trouble spots. Two more articles will
deal with filter design and contamination testing.

1.4

Aircraft Hydraulic, Servo Control, Spool Valve

5.4-7 CONTAMINATION AND SERVOVALVES. PART 3 - CONTAMINANTS
Wheeler, H. L. Jr. et al.
HYDRAULICS AND PNEUMATICS
15:93-95 July 1962

Articles iii tb m February and April issues of Hydraulics and
Pneumatics pointed out where contamination collects in servo-
valves and how it is filtered. This article analyrzes the
contaminants.

1.4
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Friction and Wear

5.5-1 FRICTION AND WEAR OF METALS IN GASES UP TO 600 C
Cornelius, D. F. et al.
AMERICAN SOCiE1Y OF WBRICATI1N ENGINEERS, TRANSACTIONS
(ASLE)
4:20-32, April 1961

Apparatus is described for measuring friction and wear in con-
trolled atmospheres. A comparison id made of the room tempera-
ture behavior of copper, mild steel and brass, rubbed against a
hardened tool steel, in four environments--vacuum (10-3 mm Hg),
dry helium, dry carbon dioxide, and dry air. The effect of vazy-
ing the water vapor content in air is also discussed.

The initial selection of rubbing pairs for service at elevated
temperatures in gaseous enviornments under unlubricated conditions,
is based on their long-term resistance to corrosion and their
ability to give low wear rates. In &eneral, therefore, the
materials must be hard. Several alloys having chromium contents
of between 1% and 30%, and hardness values in the range 200 to
1000 vpn have been investigated. These included two low-chromium
nitrided steels, a tungsten-chromium tool steel, and a series of
four Co-Cr-W alloys. Specific wear rates and friction coeffici-
ents varied markedly with temperature, and values in the ranges
lo-13 lo- cm3 I/cm kg and 0.1-0.8, respectively, were obtained in
both dry carbon dioxide and dry helium. Lowest wear rates were
observed with the nitrided steels. The diverse characteristics
observed are discussed on the basis of current theories of
adhesive wear.

6.2
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5.5-2 STUDY OF EFFECT OF WEAR PARTICLES AND ADHESIVE WEAR AT HIGH
CONTACT PRESSURES

Sciulli, E. B. et al.
AMERICAN SOCIETY OF LUBRICATION ENGINEERS, TRANSACTIONS(ASLE)
1:312-8, #2, 1958

The wear rate and friction characteristics were determined for
certain combinations of cobalt base alloys and stainless steels
when rubbed together at unit pressures up to 300,000 psi in an
environment of demineralized water at room temperature. Wear
rate and frictiLon data were collected both in the presence and
absence of wear particles. A study was also made on the effect
of sliding-surface geometry in trapping wear particles.
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The results suggest that an exponential relationship exists between
wear rate and stress for the materials of test and this relation-
ship is influenced by material combinations and sliding velocity.
Entrapped wear particles also affect the wear rate.

Because thp wear rate appears to increase sharply at some nominal
contact stress when the data are plotted on Cartesian coordinates,
the authors define an "Apparent Critical Stress," using this term
and a wear factor term to aid in the evaluation and discussion of
results.

5.5-3 METAL WEAR BY SCORING
Olson, J. H. et al.
AMERICAN SOCIETY OF METALS
Preprint 204 for meeting October 17-21, 1960

Score loads have been determined for a variety of ferrous-ferrous
and ferrous-nonferrous combinations by progressively loading lub-
ricated reciprocating samples until scoring occurs. For two hard-
ened steel surfaces, the score resistance increases hyperbolically
as the average finish improves from 60 to 3 microinches. It is
shown that score temperatures are constant and that smoothly fin-
ished samples do not score until high loads are attained because
they remain comparatively cool. Furthermore, higher score loads
can be attained and score damage minimized by utilizing an alumi-
num base, rather than steel, under hard plated surfaces to enhance
the thermal conductivity and prevent loss of the oil film. Data
reported agree well with the mechanism of scoring proposed by
Crook and Shotter.

Aircraft

5.5-4 CHARACTERISTICS GOVERNING THE FRICTION AND WEAR 3EHAVIOR OF
REFRACTORY MATERIALS FOR HIGH TEMPERATURE SEALS AND BEARINGS

Sibley, L. B. et al.
BATTELIE MEMORIAL INSTITUTE
WADD TR 60-54. May 1958-May 1959
Contract AF33(616)3995. Project 7350
AD 243897

An investigation of the basic factors involved in the wear and
friction of ceramics, cermets, and high-temperature alloys sliding
at speeds of 100 to 200 fps and temperatures from 500 to 1000 C
(1000 F to 1800 F) has bee made. Bearing pressures covered a
range of 5 to 50 psi. Statistical correlation of measured wear
rates with friction and material properties indicates that, at
these temperatures, the wear rate of ceramics and cermets may be
approximately described by the following relationship:

Wear rate c
R1 .25 D

0 75
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where 11 is the coefficient of friction, R is the thermal-stress-
resistance factor, and D is the thermal diffusivity of the mated
material on which wear predominates, which is usually the material
with the lowest thermal-stress resistance.

A mechanism of wear has been evolved based on the above correla-
tion and on the experimental study of friction and wear surface-
temperature fluctuations using special transducers and color motion
picture photography. The predominant wear mechanism in the high-
speed sliding of ceramic and cermet materials appears to invove
formation of hot spots at asperity contacts and subsequent frac-
ture of the material near these hot spots as a result of thermal
stresses. In this situation, the wear rate is influenced both by
the configuration of the rubbing parts and by the thermal-stress-
resistance properties of the materials. When one of the mating
surfaces is interrupted, the total wear is greater. Wear tends
to predominate on parts with interrupted wear surfaces, such asslider bearings, in comparison with their continuous mating sur-
faces or ring surfaces, such as in face seals, and on ceramic and
cermet materials with low thermal-stress-resistance factor and low
thermal diffusivity.

Promising commercial materials for high--temperature dry sliding
bearings, gas bearings, and seals include A12 03-Cr-Mo cermets,
SiC ceramics, and TiC-Ni-Mo cermets. One experiment with a

SiC-S 3 N4 ring stator mated against a TiC-Ni-Mo-NbC rotor, asin a face seal, was operated for a total of 20 hours up to 1000 C(about 1800 F), 200-fps sliding speed, and 20-psi unit load with
only slight surface damage and a total wear of 6.7 mils, most of
which occurred on the rotor.

5.2, 6.1, 6.2
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*5.5-5 WEAR OF MATERIALS IMPACT ON DESIGN FAILRE
Barkan, H. E.
ELECTRO-TECHNOLOGY
68:95-102, July 1961

It is the purpose of this article to present, among other phases
of the subject, an exposition of all the types of mechanisms of
wear, the relevant hypotheses, the service factors that affect the
nature and extent of wear, the various techniques and materials
used to inhibit or minimize wear, and finally, methods for calcu-
lating predictability of wear. A bibliography is provided for
further study of the subject. The author's approach throughout
is to present the theoretical core of the subject of wear in prac-
tical terms applicable to the needs and problems of the design
engineer. The title of the article--"Wear of Materials-Impact
on Design Failure"--is, in fact, a terse summary of its purpose.

Aircraft
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5.5-6 SINGLE CONTACTS AND MULTIPLE ENCOUNTERS
Archard, J. F.
JOURNAL OF APPLIED PHYZSICS
32:1420-5, August 1961

The analysis of wear experiments suggests that most of the events
which occur in rubbing are contacts between protuberances which
are deformed elastically and which separate without damage; an
asperity encounter with damage is a relatively rare event. Appa-

ratus for the study of isolated single contacts is described. A
single contact which is deformed elastically does not obey Amon-
tons' law, but an assembly of such contacts (multiple contact

conditions) should do so. It is shown that under multiple contact
conditions, the load which can be borne by elastic deformation of
the protuberances may be as much as a million times larger than
that which can be borne by each individual asperity contact.
Reflection electron microscopy shows that many irregularities on
worn surfaces must bear their share of the load without plastic
flow. Recent experiments suggest that, although a worn particle
is produced very infrequently, it is nevertheless the direct con-
sequence of the many preceding encounters which occurred without
apparent damage.

Aircraft

5.5-7 INFIUENCE OF SURFACE ENERGY ON FRICTION AND WEAR PHENOMENA
Rabinowicz, E.
JOURNAL OF APPLIED PHYSICS
32:1440-4, August 1961

A number of friction and wear phenomena are explicable in terms
of the surface energy of adhesion of the contacting materials. In
the friction field, it is found qualitatively that high friction
coefficients are found for sliding materials with high surface
energy/hardness ratios and conversely. Unfortunately, it is not
easy to test this relationship quantitatively because the derived
expression contains parameters which cannot be independently con-
trolled. However, in the wear field, it has been found possible
to derive an expression for the size of loose wear particles that is
proportional to the surface energy/hardness ratio, the nondimen-
sional constant of proportionality being 60,000. Experiments with
15 different materials show the validity of this expression.
Another phenomenon, adhesion, which also seems to be governed by
surface energy considerations, is discussed in qualitative terms.

Aircraft

5.5-8 MASS AN ENERGY BALANCE FOR WEAR PROCESS
Chenea, P. F. et al.
LUBRICATION ENGINEERING
12''123-5, March-April 1956
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A mathematical treatment is given of one phase of the wear processes
which is defined as "fatigue wear." This wear is envisioned as a
sink for energy after a disturbed surface has become saturated with
internal energy; that is, has become work hardened to the limit,
and the additional energy is used to increase the surface area
(produces abraded particles). A mass and energy balance is pre-
sented to describe the process.

Aircraft

5.5-9 HOW WEAR IS FLUENCED BY SURFACE FINISH
Sonntag, A.
METAL PROGRESS
77:140-2, April 1960

Digest of "The Significance of Surface Finish on Friction Wear
and Lubrication," by A. Sonntag. Paper presented at Seminar on
Friction, Lubrication and Wear, Lucerne, Switzerland, Sept. 1959.

5.5-10 THEORY OF ABRASION OF SOLIDS SUCH AS METALS
Goddard, J. et al.
NATURE (101DON)
!84:333-5, August 1, 1959

Aircraft

5.5-11 FRICTION AND WEAR IN WATER LUBRICATED SEALS
Cornell, R. L. et al.
PRODUCT ENGINEERING
32:48-41, July 24, 1961

Comprehensive investigation of seal wear under boundary lubrication
shows that graphite against chrome-plated steel gives the best
combination of low wear rate and low friction.

5.2

Aircraft

5.5-12 MOlE SURFACE POLISHING--LESS GALLING
Moore, W. H.
PRO.DUCT ENGINEERING
29:63-5, November 24, 1958

Of many factors that inhibit galling of metals, the most important
is a preconditioned surface. Here are test results showing why
components should be "worn-in" before they take loads, and why
cast irons are less likely to gall than the steels or brasses.

Aircraft.
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5.5-13 NEW COEFFICIENTS PREDICT WEAR OF METAL PARTS
Rabinowicz, E.
PRODUCT ENGINEERING
29:71-3, June 23, 1958

What are the effects of galling.. .poor oil.. .dust... surface
cracks? These coefficients give answers that can lengthen life
of a sliding system. With equations and other data are included
examples of applications to design problems.

Aircraft

5.5-14 EXPERIMENTAL STUDY OF FRICTION AND WEAR DURING ABRASION OF
METALS

Avient, B. W. E. et al.
ROYAL SOCIETY, PROCEEDINGS, SERIES A
258:159-80, October 18, 1960

Aircraft

.5.5-15 A LITERATURE SURVEY OF BEARINGS, FRICTION, WEAR AND LUBRICATION
PERTINENT TO CRYOGENIC APPLICATIONS

Barrick, P. L. et al.
U. S. NATIONAL BUREAU OF STANDARDS
NBS Peport 6018. October 1958

6.1, 6.2

Aircraft

5.5-16 CONTACT STRESS AND LOAD AS PARAMETERS IN METALLIC WEAR
Dorinson, A. et al.
WEAR-USURE-VERSCHIE ISS
4:93-110, March-April 1961

The course of metallic wear in the presence of oil was investi-
gated over a range of applied loads at two stress levels:
10,898 kg/cm2 and 4922 kg/cm 2 . The wear process was found to be
multistage in nature, showing first a more or less abrupt rise,
then a leveling-off and finally transition to accelerated wear.
At equivalent stages in the wear process, the depth rate of wear
was found to depend on the nominal contact stress rather than on
the load. This can be explained by a model in which the defor-
mation of asperities is related to their depth distribution, which
governs the average depth to which the contacting specimens are
abraded. The volume wear data of Archard are shown to be consist-
ent with this model when the geometry of the specimen pieces is
taken into account.

Aircraft

5.5 CROSS REFERENCES

1.2-15 1.4-2 5.2-9 5.3-2 5.4-1 7.0-8
-10

A-111



6.0 VALVE DESIGN DATA

Support data used by valve designers of an especially up-to-date

or comprehensive nature (i.e., handbooks) have been included in this
section. The subsections are far from complete but have been included

simply to round out the survey subject of "Valve Design." Some question

has been raised by preliminary reviewers of the contents relative to

the lack of a subsection on manufacturing practices specific to valves.

Very little of such information is available in the field and oft times

is not even known by the designer. What data are available will be found

primarily in section 1.0. The section is subdivided as follows:

6.1 Materials and Fluids

6.2 Environmental Criteria and Reliability

6.3 Miscellaneous Reports and Data

Preceding Page Blank
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Materials and Fluids

6.1-1 HYDROGEN HANDBOOK, A COMPIIAT!ON OF PROPERTIES, HANDLING AND

TESTING PROCEII)IURES, COMPATIBILITY WITH MATERIALS AND BEHAVIOR
AT LOW TEMPERATURES

ARTHUR D. LITTLE, INC.
Under Contract with PARKER AIRCRAFT CO.
AFFTC TR 60-19. April 1960
Contract AF33(616)6710
AD 242285

This report summarizes (1) our experience with and the available
technical information on the development of two prototype valves,

one for a cryogenic gas service and the other for a cryogenic

liquid service (these valves are under development by Parker Air-

craft Co. for Government agency); (2) bibliographical information
on the physical and mechanical properties of specific construction
materials for temperature range of -420°F to +200*F (these materials

include some austenitic stain'ess steels and Teflon plastics);
(3) the thermodynamic properties of helium, hydrogen, and nitrogen
fluids with which the valves may be used or tested; (4) the hazards
associated with the transportation and storage of hydrogen and with
its use for testing the prototype valves for leakage across the
seats; and (5) the sources andavailability of hydrogen, and the Los
Angeles regulations that apply to its transportation and use.

5.2, 6.2

Aircraft

6.1-2 TITAN II STORABLE PROPELLANT HANDBOOK
Liberto, R. R.
BELL AEROSYSTES COMPANY
AFBSD-TR-62-2
Contract AF04(694)72

Sumarized are the physical properties, materials compatibility,
handling techniques, flammability and explosivity hazards, and
procedures for storing, cleaning, and flushing of the Titan II

propellants, N2 04 as the oxidizer and a nominal 50//50 blend of
UDMH and N2114 as the fuel. The data presented were derived both

from a literature survey and from a test program conducted at Bell

Aerosystems Company and at the U.S. Bureau of Mines.

Aircraft

6.1-3 CHARACTERISTICS (F KEL-F
CALIFORNIA INSTITUTE OF TECHNOLOGY, JET PROPULSION LABORATORY
Literature Search 369
October 1961

Aircraft
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6.1-4 CHARACTERISTICS OF TEFLON
CALIFORNIA INSTITUTE OF TECHNOLOGY, JET PROPULSION LABORATORY
Literature Search 370. October 1961

Aircraft

6.1-5 MATERIALS SELECTOR ISSUE
MATERIALS IN DESIGN ENGINEERING
October 1961

This issue of Materials in Design Engineering features a summary
of the latest available data on engineering materials, forms,
finishes, and joining and fastening methods. The issue consists
of two major sections: a Data Section and a Directory Section.

The Data Section consists of nine subsections and contains:
(1) extensive data on physical, mechanical, chemical, electrical,
thermal, and fabricating properties of virtually all important
engineering materials, including finishes and coatings; (2) an
indication of test conditions; (3) listings of available forms
and typical uses; (4) descriptions of forming methods and the
types of parts that can be produced; and (5) information on
methods by which materials can be joined. Most information is
given in tabular form for easy comparison.

The Directory Section contains the names and addresses of leading
suppliers of engineering materials, finishes, forms and shapes.
A full explanation of the organization and use of the Directory
Section is given.

Industrial

6.-1-6 CRYOGENIC MATERIALS DATA HANDBOOK
Durham, T. F., et al.
U.S. NATIONAL BUREAU OF STANDARDS, CRYOGENIC ENGINEERING
LABORATORY
Contract No. AF04(647)59-3

This handbook of data on solid materials at I&w temperatures was
prepared under the sponsorship of the Air F±'ce Ballistic Missile
Division by personnel of the Properties of Materials Section,
Cryogenic Engineering Laboratory, National Bureau of Standards,
Boulder, Colorado. It contains certain mechanical and physical
properties of selected metals and nonmetals over the temperature
range -J54F to +500*F.

The mterials and properties selected are listed in the Index.
The materials are mostly ones in current use for missile appli-
cations at cryogenic temperatures, but a few have been included
because of their potential for such uses. The properties are
those which are most generally useful to the designer. The
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compilation is believed to include all reliable data which have
appeared in the literature from 1950 through 1959 and recent
data which have appeared in the literature from 1950 through

1959, and recent data from test laboratories. In some cases,
the data reported have not yet been published. Information

from a few papers published prior to 1940 has also been included.

A summary of the testing procedures used at the Cryogenic Engi-

neering Laboratory and the proper identification of the materials

tested are included in the Monograph section. The results of these

tests appear in the Handbook and are designated by reference num-
ber 137. The Handbook also includes the results of fatigue tests
and a review of the literature for fatigue data on sixteen alloys
by Battelle Memorial Institute. The test results are reported
using reference number 805, and the test procedures are included
in the Monograph Section.

Aircraft

6.1-7 TABLES OF THERMAL PROPERTIES OF GASES
U. S. NATIONAL BUREAU OF STANDARDS
Circular 564, November 1955

Aircraft

6.1-8 THE PHYSICAL AND THERMODYNAMIC PROPERTIES OF HELIUM
WHITTAXER CONTROLS, Los Angeles, Calif.
September 1960

This report briefly suanarizes curi.antly available information
on the physical and thermodynamic properties of gaseous helium.
The information is presented in both tabular and diagrammatic
form to facilitate its use by design and test engineers who work
with pressurized helium.

The reported property values for helium cover the pressure range

of 14.7 to 6000 psia, and the temperature range of -440F to
600F, with minor exceptions where data were limited or
unavailable.

Aircraft
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Environmental Criteria and Reliability

*6.2-1 ROCKETS IN SPACE ENVIRONMENT

Gray, P. D. et al.
AROJET-GENERAL CORPORATION
Project 3058-03, 6753-01
Contract AF0O4(611)7441

PHASE I--PARAMETER STUDY, Report No. 2112--Environmental factors
constituting the space environment between 300 and 22,000 n.mi.
altitude were defined. The propulsion system mate-'ials and com-
ponents most likely to be exposed #o this environment were estab-
lished, and available data regarding the behavior of these
materials in the space environment were surveyed. Deficiencies
in these data were determined, and appropriate tests were planned
for obtaining data now lacking.

PHASE II--INDIVIDUAL COMPONENT INVESTIGATION, Report No. 2263--
Components and materials having use or potential for use in space
propulsion system were tested according to plans formulated during
Phase I. Test data indicated that, in many cases, materials and
components now used in liquid propellant propulsion systems would
be suitable for space applications.

1.2, 6.1

Aircraft, Pneumatic, Solenoid Valve, Poppet

6.2-2 A THEORETICAL TECHNIQUE FOR PREDICTING THE RELIABILITY OF
SOUNOID VALVES

Eisenlohr, G. M. et al.
ARINC RESEARCH CORPORATION, WASHINGTON, D.C.
Special Technical Report. Publication No. 173-4-278.
January 1962
Constract SD-77
AD 272194

A technique is presented for determining the reliability of
solenoid valves. It is believed this effort was a step toward
the prediction of the reliability of mechanical and electro-
mechanical devices. However, a detailed empirical analysis
should be performed in the near future either to refute or sub-
stantiate the theoretical modes of failure analysis as well as
the theoretical prediction technique presented. The present
effort did not include this highly desirable aspect because of
time limitations. It is pointed out that an empirical analysis
should include considerations such as the effects of vacuum
conditions, temperature, wear compatibility between unlike
materials, and stress concentration between seat and poppet.

1.2, 5.3

Aircraft, Pneumatic, Solenoid Valve, Poppet, Metal to Metal
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6.2-3 EFFECT OF HARD VACUUM AND LOW G CONDITIONS ON HYDRAULIC FUIDS
AND sYsTEs (BIBLIOGRAPHY)

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARB 10656

Aircraft, Hydraulic

*6.2-4 BEHAVI(IR OF MATERIALS IN SPACE ENVIRONMENTS
Jaffe, L. D., et al.
AMERICAN ROCKET SOCIETY JOURNAL
March 1962
pp. 320 to 346

Special problems relating to the behavior of materials in outer
space arise from both the absence and the presence of surrounding
matter; i.e., from vacuum and from particles in space. Although
in the last few years much information on the nature of these
particles and the effect that they have on materials has been
gained, the gaps in our knowledge remain great. However, in
order to design and build equipment to operate in space, engineer-
ing judgments must be formed on the basis of available informa-
tion. This paper attempts to synthesize the best of the current
information while discarding that which is no longer applicable.

Aircraft

6.2-5 ENVIRONMENTAL FACTORS INFLUENCING METALS APPLICATIONS IN SPACE
VEHICLES

Allen, J. M.
BATTELLE MEMORILI INSTITUTE, DEFENSE METALS INFORMATION
CETER
OTS PB 151101; DMIC Report No. 142
Contract AF18(600)1375

Metals will be used extensively both in the vehicle structure
and iii the supporting and auxiliary equipment that is used for
space flight. This report describes the specialized environments
which are imposed on metals and the possible consequences of
these environments. In general, the specialized environments
are identified with (1) the natural environment of space, (2) the
entry into an atmosphere, or (3) the power-conversion system uti-
lized by the vehicle.

Aircraft

6.2-6 HOW TEMPERATURE AFFECTS INSTRUMENT ACCURACY
Gitlin, R.
CN TROL ENGINEERING
pp. 70-78, April 1955
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Temperature changes can affect the spring constant of a resilient
member, the resi.;tance of an electrical conductor, or the mag-
netic properties of a permanent magnet. And since all precision
instrument and contrail components use these elements, the accuracy
of a component depends partly on the ability of a designer to com-
pensate for these changes in ambient temperature. He does this by
using materials that are insensitive to temperature change, by
combining elements that vary in an opposite manner under the same
change, or by keeping the component at a constant temperature
regardless of ambient variation.

As the first of a series, this article discusses the effect of
temperature change on various mechanical and electrical elements.
Succeeding issues of Control Engineering will suggest practical
methods of compensating for these temperature effects and will
discuss the compensating techniques used in a variety of commerci-
ally available components.

6.1

Aircraft

*6.2-7 STUDY OF CRITERIA FOR HYDRAULIC AND PNEUMATIC SYSTEMS FOR SPACE

VEHICLES
Cannon, C. H.
LOCKHEED AIRCRAFT CORP., Georgia Division
WADC TR 59-217 Part 1, April 1959
Contract AF33(616)5797
AD 230623

The object of this program is to determine the role of hydraulics
and pneumatics in space vehicles and to establish the design
criteria for such systems. In determining the role of hydraulic
and pneumatic systems, their characteristics are compared to those
of other type systems.

The initial effort encompassed a study of the natural and induced
environments to which hydraulic and pneumatic equipment would be
exposed in all phases of space flight. From this point the study
proceeded to the determination of the criteria which provide the
basis for the design of hydraulic and pneumatic'systems and equip-
ment. Certain hypothetical vehicles were then devised, one or
more of which would encounter the environmental conditionb noted
above. The study was completed with an examination of typical
hydraulic and pneumatic systems for space vehicles.

2.1, 2.3, 5.2, 6.1

Aircraft
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Miscelianeous Reports and Data

6.3-I BIBLIOGRAPHY ON DIAPHRAGMS AND ANEW IDS
Van Der Pyl, L. M.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS
Paper No. 60-WA-122 for Meeting November 27, 1960

This report abstracts 171 papers on the subject. bib.

6.3-2 PNEUMATIC MANUAL
NORTH A1alrVAN AVIATION. INC.
Report No. AL-2435
March 1956

6.3-3 SPRINGS
CALIFORNIA INSTITUTE OF TECHNOLOGY, JE., ? T'

LABORATORY
Literatu'e Search 347. May 1961

6.3 CROSS REFERENCES
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7.0 BOOKS

The following section includes books containing information on practi-

cally all the various subsections. Those noticeably absent are 1.3,

Analysis, Design, and Test of Specific Valves; 2.5, Internal Passage

Design for Flow; 2.6, Cavitation and Other Flow Phenomena; 4.3, Unsteady

Flow, Blowdown and Charging; 5.4, Seating; and 6.2, Environmental

Criteria and Reliability. It is believed that there are no texts which

deal in depth, either descriptively or analytically, with the headings

underlined.

A-121



Books

7.0-I FLUID METERS, THEIR THEORY AND APPLICATION
ASME Research Committee on Fluid Meters, Fifth Edition, 1959
New York, American Society of Mechanical Engineers

2.1

Industrial

7.0-2 REUIATORS AND RELIEF VALVF4S
Beard, C. S.
Pittsburgh, Pennsylvania, Instruments Publishing Co., 1959

1.1, 2.2, 2.4

Industrial

7.0-3 CONTROL VALVES (Revised Edition)
Beard, C. S.
Pittsburgh, Pennsylvania, Instruments Publishing Co., 1960

1.1, 2.2, 2.4

Industrial

*7.0-4 FLUID P0ER CONTROL
Blackburn, J. F. et al.
New York, Technology Press--John Wiley & Sons, 1960

1.1, 1.2, 1.4. 2.1, 2.2, 2.3, 2.4, 3.1, 3.2, 3.3, 4.2, 5.1, 5.4,
6.1

Aircraft, Hydraulic, Servo Control Valves

7.0-5 INTERNATIONAL CONFERENCE ON FLUID SEALING

British Hydromechanics Research Associatior, April 1961

5.2

Industrial

7.0-6 FLOW OF FLUIDS THROUGH POR0MJS MATERIALS
Collins, R. E.
New York, Reinhold Publishing Corporation, 1961

2.A

Industrial
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7.0-7 FLUID PRESSURE MECHANISMS
Conway, H. G.
New York, Pitman Publishing Corporation, 1958

1.1, 1.4

Industrial

7.0-8 FRICTION AND WEAR
Davies, R.
New York, Elsevier Publishing Company, 1959

5.5

Industrial

7.0-9 FLUID POWEIR HANIBOOK AND DIRECTORY, 1962763
Hydraulics and Pneumatics, ed.
Cleveland, Ohio, Industrial Publishing Corporation

1.1, 6.3

Industrial

7.0-10 PROCLDINGS OF THE CONFERENCE ON LUBRICATION AND WEAR
Institution of Mechanical Engineers
London, October 1-3, 1957

5.5

Industrial

7.0-11 GAS TABLES
J. H. Keenan ani J. Kaye
New York, John Wiley and Sons, Inc.

6.3

Aircraft

7.0-12 HANDBOOK OF ASTRONAUTICAL ENGINEERING
H. H. Koelle, Ed.
New York, McGraw-Hill Book Company, 1961

Sections 20.55 through 20.553 present a brief resume of liquid
propellant propulsion systems, hydraulic and pneumatic compon-
ents. Included are descriptions of pressure regulators, relief
valves, solenoid valves, filters, check valves, pressure switches
and miscellaneous other control elements.
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1.1, 6.3

Aircraft

7.0-13 FWUID POWER CONTROLS
Pipponger, J. J. ot al.
New York, McGraw-Hill, 1959

1.1, 2.3

Industrial, Hydraulic

7.0-14 ELECTR14tGNETIC DEVICES
Rotors, H. C.
New York, John Wiley and Sons, Inc., 1941

4.1, 6.1, 6.3

Industrial

7.0-15 DYNAMICS AND THERMODYNAMICS OF COIP ESSIBLE FUTID FLOW
Shapiro, A. H.
New York, Ronald Press Company

2.1, 6.3

Aircraft, Pneumatic

7.0-16 A SYMPOSIUM ON INTERNAL COMBUSTION ENGINE VALVES
Reprints of Technical Papers
Published by Valve Division, Thompson Products, Inc.
Cleveland, Ohio, 1956

1.2

Industrial
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APPENDIX B

INDUSTRY SURVEY

The purpose of the survey was to establish poppet and seat design

approaches, fabrication and analysis as is presently represented within

the industry. Industry was approached through a form letter and per-

sonal interviews in which design information on proven valves was

requested for handbook presentation.

The information received from numerous manufacturers has been sifted

and reduced to portray the pertinent features of the poppet and seat or

"closure mechanism."

The object of the presentation technique has been to indicate the mere

salient features of seat construction and show the interrelationship

between seat and closure with a semi-schematic representation of the

valve assembly. The relative proportions and geometry of the seat have

been maintained; however, as with any artistic rendering, the inter-

pretation of the minute detail must be viewed with practical judgment,

particularly in the "soft" seat constructions.

KEY PAmMrETERS noted with each design are, in most cases, based upon a

specific application and it is assumed that the information received

fromn industry is correct. Because few valves undergo complete quali-

fication testing, the degree of adherence to all performance claims, or

combinuitions thereof, is unknown.

Capacity-size relationships have been indicated by orifice diameter,

physical dimenpions and tube size, as applicable. The orifice size is

based upon flow data and a discharge coefficient of 0.65, except when

an efficient flow passage necessitated the use of a higher value to

reflect a reasonable size.
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A brief discussion of each design presents available information on

applications, construction, fabrication, advantages and disadvantages.

This information primarily reflects the opinions of individual manu-

facturers, editorial comnents being held to a minimum.

The following 37 designs have been grouped into the 6 categories noted

in the contents on the basis of the poppet or closure configuration.

Patent rights have been noted within this report as received from their

respective sou:'ces, and no representations are made (by Rocketdyne) with

respect to the patent or proprietary rights of any of the 37 designs

described herein.

FACTORS IN VALVE DESIGN

Many valve failures result from simple design oversights which could

have been avoided had the interrelationships of environment, materials,

stress, and dynamics been cunsidered. To aid in evaluating the follow-

ing designs a brief outline of the factors to be considered in valve

assign is listed below. While most of the forces and their effects

cannot be explicitely calculated, a qualitative evaluation could save

many laboratory hours during development.

I. Specification: Requirements are established by system and component
analysis.

A. Operating, proof and burst pressures
B. Fluid media and contaminants
C. Flow capacity
D. Leakage
E. Actuation and response data
F. Environmental criteria

1. Temperature
2. Vibration, acceleration, and shock
3. Altitude, radiation, humidity, salt spray, sand and dust,

etc.
4. Life, operational, and storage

G. Reliability
H. Configurational restrictions
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1. Size and weight
2. Mounting and port size
3. Fail safe conditions
4. Instrumentation output, etc.

II. Configuration Analysis: Approach is determined in part by each of
the following:

A. Preliminary design
B. Past experience
C. Specification (requirements)
D. Time and costs

III. Functional Analysis: This part of the design determines by
analysis what the sizes of various functional parts should be. In
addition, some critical performance characteristics are predicted.
The following items are considered.:

A. Operating characteristics

1. Flow capacity
2. Response times
3. Actuation pressures
4. Power requiremeats
5. Leakage
6. Control accuracy
7. Fluid media compatibility

B. Materials
C. Effect of single and combined environment on operating char-

acteristics and materials
D. Reliability

IV. Design. Analysis: This part of the design consists of packaging
(via layout) the various fuictional features and analyzing the
design as required. Portions of the functional analysis are
repeated and extended as necessary. Items considered are:

A. Materials; properties, and compatibility
B. Flow capacity

1. Passage geometry; dictated in large by configuration

analysi4s
2. Areas i nd proportions

C. Static forct study

1. Fluid presqures
2. Steady flow

3. Seating
4. Actuation
5. Friction
6. Temperature change
7. Acceleration
8. Spring
9. Assem1ly and mounting
10. Storage

B-3



D. Dynamic force study

1. Transient pressures
2. Transient flow
3. Inertia
4. Actuation
5. Friction
6. Impact
7. Transient temperature
8. Vibration and shock

E. Stress and deformation study: This portion of the design
analysis utilizes the applicable parts of previous studies to
define limits of acceptability.

F. Dimensional analysis: This includes preparation of detail
drawings and analysis thereof to ensure compatibility with
functional and design considerations.

IV. Design Review, Fabrication, Development, Qualification, and
Production.

CLASSIFICATION OF VALVES

Early in the survey it was noted that industry acceptance of a standard-

ized classification for valves was almost nonexistent. A classification

of valves As been prepared, and included in the report, that will aid

in defining nomenclature and assist future efforts at standardizations.

This list will also facilitate selection of appropriate names and help

in locating published material.

I. General Classification Categories

A. Industry

1. Aircraft (missile, rockets and/or space craft)
2. Industrial

B. Service Categories

1. General effluenti; controlled

a. Hydraulic (liquid)
b. Pneumatic (gas)
c. Cryogenic
d. Corrosive fluid
e. Propellant

W. Oxidizer

f. Hot gas
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2. Operating conditions

a. High low) pressure
b. High low) temperature
c. Vacuum

3. Specific names*

a. Gas generator
b. Ignition monitor
c. Priority valve, et al.

C. General mode of control

1. Directional control
2. Flow control
3. Pressure control
4. Servo control

II. Descriptors Specific to Valves

A. Control (line) function

1. Relief (safety)
2. Check (nonreturn)
3. Pressure regulator (reducer)
4. Flow regulator
5. Vent (dump)
6. Sequence
7. Throttle
8. Flow limit
9. Selector (2 way, 3 way, 4 way, anyway)
10. Shuttle

B. Valve closure mechanism and seating

1. Ball
2. Butterfly

3. Poppet

a. Spherical
b. Conical
c. Flat

4. Gate (blade)
5. Plug (cock)
6. Needle
7. Slide or plate (shear seal)
8. Diaphragm (Saunders type)
9. Spool

a. Packed (dynamic seals)

b. Lapped (close fit)

C. Seating and sliding valvular actions

1. Reciprocating

2. Rotary

*This category has been noted only because of popular usage--its con-
tinuance is not recommended.
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3. Pivoted, hinged or swing (flapper)
4. Iris
5. Contractable or expansible sleeve
6. Flexing disc (plate or annular member)

D. Actuation means (independent of line conditions)

1. Manual
2. Electric Motor
3. Solei,)id
4. Capacitiv discharge (eddy currents)
5. Fluid pressure actuated

a. Piston or bellows
b. Diaphragm
c. Moto*,

6. Explosive discharge

E. Construction and functional arrangement

1. Globe
2. Angle
3. Venturi

4. Double seated
5. Balanced

6. Pilot operated

7. Pilot
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CONICAL POPPET SEAT DESIGNS
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CONICAL P0PFkTf SEAT DESIGN

KEL-? (BONDED)

.020

.09 DIA. 17-7 PH CRES

KEY PARAMETERS

VALVE TYPE: DOME LOADED PRESS URE
RFtVTLATOR

FLOW MEDIA: NITROGEN
INLET PRESSURE: 390 TO 500 PSIC)
REGULATED PR.ESSURE: 280 + 5 PSIG
OPERATING TEMPERATURE: 4'0 TO +120 F
LEAKAGEt 3 SCC/HR MAX ON2
CAPACITY: .051I CH ORIFTE (MAIN VALVE)
LIFE: 5000 CYCLES
VIBRATION: 0.1 G2/CPS RANDOMLODN
TU6E SIZE: 1/4~ IN, 3/8 OUTVAE

LOADING CHAMBER (DDME)

Figure B-1. Spa** Engino Rguator-aoetdyno., A Division
of North American Aviation, Inc.
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SPACE ENGINE REGULATOR

This pressure regulator was designed to control propellant tank pres-

surization in a small rocket engine system. The design features con-

stant pressure regulation over a wide range of inlet pressures and a

small leakage rate with low seating forces.

A 90-degree included angle poppet is seated on a 0.020-inch thick Kel-F

ring that is epoxy bonded into the counterbore in the seat prior to

drilling the bore of the seat. To maintain an adequate bond, the bond-
ing surface of the seat counterbore must be roughened by wet blasting

and the bonding surface of the Kel-F etched prior to bonding. The

sealing surface on the seat is formed by forcing the poppet onto the

seat when 7720-psig proof pressure is applied to the inlet port of the

regulator. The corner of the Kel-F bore yields to form a slight chamfer

that matches the 8-microinch finish on the poppet cone to provide the

seal.
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CONICAL POPPET StAT DESIGN

\~L I' TO6
SNAkRROW LA ND

4hoo C CRES

440 C CRES-
RC 59-62

KET PARAMETER,

VALVE TYPE: PILOT OPERATED PRESSURE
RELIEF VALVE • tZ

FLOW MEIA: HYDRAULIC OIL (MIL-0-.5606) - &
OPERATING PRESSURE: ADJUSTABLE

300 TO 500 PSI
OPERATING TEMPERATURE: -65 TO +160 F .

LFAKAOEs 2 CCX HYDRAULIC OIL .'H ,"
LIFE: 50,000 CYCLES
VIBRATION: 10 0 TO 2000 CPS \\,
TUBE SIZE: 3/4 INCH.

" - OUT

.125 DIA.I N t

.78 DIA.

Figure B-2. Hydraulic Relief Valve--Benbow

Manufacturing Corporation
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HYDRAULIC RELIEF VALVE

This pilot-operated hydraulic relief valve utilizes differential angle

conical poppets and seats (for both the pilot and main valve) as a

simple approach to obtaining a relatively narrow seat land. The basic

machining of a cone is generally less difficult than a spherical sur-

face, however, the conical poppet has more stringent concentricity and

normality requirements.

Match lapping of the sea+.s is required to maintain leakage within

acceptable limits. To hold the narrow seat land, close lap control is

necessary as changes in land width affect the relief setting while

excessive width can cause instability.
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CONICAL POPY. 1 SEAT DSICuN

.09 - .003

3.7-4i m~ CRES --

-5 -A.- -

.375 DIA. .

CONTROL RETURN

KEY PARAI'TERS

VALVE TYPE: 3-WAY PRESSL E ACTUATE
VALVE

FLOW MEDIA: RP-1; INERT GAS ACTUATED
OPERATING PRESSURE: 1000 PSIG
ACTUATION PRESSURE: 30 PSIG
OPERATING TEMPERATURE: -30 TO 200 F
LEAKAGE: 1O CCM MAX RP-1
CAPACITY: O.14-INCH ORIFICE
LIFE: 10,O CYCLES
VIBRATION: 25 0 TO 2000 CPS
TUBE SIZE: i/4 INCH

Figure B-3. Ignition Monitor Valve--Rocketdyne, A Division
of North American Aviation, Inc.

B-12



IGNIT ION MONITOR VALVE

A metal conical poppet seating on a lapped metal seat is utilized in

this design to obtain a very close balance of inlet pressure. The

narrow seat land width allows a large variation in inlet pressure with

minor affect on the actuatin- pressure. A high speed of actuation is

accomplished by allowing rising outlet pressure (during stroking) to

act over a restricted poppet return seat area. The action obtained is

similar to a Belleville spring operating in the negative rate regicn.

While the one dynamic seal in the valve allows a simple press.re

balance, the attendant hysteresis problems necesoitated the use of a

special Teflon ,'cap" seal to minimize friction force changes.
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CONICAL POPPET SEAT DESIGN

100 X TEFLON

.08~6-I--430 F CRES

3740

KEY PARAMETERS

VALVE TYPE: 2-WAY DIRECT OPERATED SOLENOID
VALVE, 28 VT)C

FLOW MEDIA: NITROGEN TLTROXIDE, UDMH,
HYDRAZINE

OPERATING PRESSURE: 325 PSIG
OPERATING TEMPERATURE: -65 TO +160 F
LEAKAGE: 0.02 SCCM MAX GN2
CAPACITY: 0.06 INCH ORIFICE
RESPONSE: 90 CPS AT 24 VDC
LIFE: 13j000 CYCLES
TUBE SIZE: 1/4 INCH

Figure B-4. Propellant Control Solenoid Valve I-
Rocketdyne, A Division of North
American Aviation, Inc.
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PROPELLANT CONTUlOL SOLI01D VALVE I

This valve must maintain an effeciive seal of chemically active rocket

engine propellants. A controlled stress "soft" srzat is obtained by

utilizing a plastic seal in combination with a centering metal stop.

hile enhancing the probability of a tight seal, the seat design

necessitates a larger solenoid due to additional unbalanced pressure

area between the sealing surface and the metal to metal stop. The major

problem encountered with the design is the tendency of the plestic seal

to take a permanent set (cold flow) while operating near maximum material

operating temperatures.
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CONICAL POPPET SEAT DESIGN

IN

CRES 900

.01

_8 N

01.084, DIA* " b

SURFACES
CONCENTRIC
WITHIN
.0005 TIR

OUT

KEY PARAMETERS

VALVE TYPE: 2-WAY DIRECT OPERATED
SOLENOID VALVE, 28 VDC

FLOW MEDIA: NITROGEN TETROXTDE, UDMH,
HYDRAZINE

OPERATING PRESSURE: 300 PSIA
OPERATING TEMPERATURE: -65 TO +165 F
LEAKAGE: 1.0 SCC/HR MAX NITROOEN AT 200 PSIG
CAPACITY: 0.07 INCH ORIFICE
LIFE: 80,000 CYCLES WATER AT 70 F & 200 PSI

Figure B-1. Propellant Control Solenoid Valve II--

Minneapolis-Honeywell Regulator
Company, Aeronautical Division
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PROPELlANT CONTROL SOLENOID VALVE II

The conical closure shown illustrates a simple approach to design an

economical, fast-response., hypergolic propellant valve. While this

design does not match the perform-nce capabilities of the spherically

seated valve, careful attention to finish concentricity and normality

result in an endurance life and leakage level suitable to many

applications.

The primary disadvantages of this design are the close match lapping and

poppet to seat alignment necessary to obtain suitable leakage-life

characteristics. Additionally, fine (10 micron) filtration of fluid

contaminants is necessary.
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CONTIAL POPPLT SIT DESGN

',CRES

303 CRES

KEY PARAMETERS

VALVE f pr pi ')UE RELIEF VALVE
FLOW ...LittR NITROGEN, HELIUM

CRACIKING pRFSSIRE: 240O TO 31.0 PSIG ADJUSTMENT

RESEAT PRESSURE: 10 pSIG M&X BELOW CRACKING

OPUtATIN TLE?4'E RE: i-30 W0 +20W F

LEAKAGEt 0.2 SCC/HR MAX AIR AT RESEAT
PRESSURE

CAPACITY: 0.25 INCH ORIFICE
VIBRATI-ON: 14~ G2/CPS RANDOM
TUBE SIZE: 3/8 INCHOU

Figure B-6. Pneumatic Relief Valve-
Clary Dynamics
Corporation
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PNEU4ATIC RELI EF VALVE

A notable feature of this flight-weight relief valve is the poppet guide

and spring arrangement resulting in minimum space and axisymmetric load-

ing. While this design utilizes a metal lip to provide controlled seat

loading, a previous design did not and was subsequently destroyed during

vibration testing.

This seat is particularly susceptible to cold flow of the Teflon ring.

Attendant problems are increased leakage and maintenance of repeatable

crack and reseat pressures.
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CONICAL POPPETI' SEAT DESIGN

AI~ ~- I LOT VALVE PORTS

OVERRTY)E
!Wlc? D PORT

OUTLET

OVERRIDE '6061-Mf

OPEN PORT ALUMINUM

INLET

TENS/50-T6
ALUMINUM

KEY PARAMETERS

VALVE TYPE: MAIN VALVE, PILOT OPERATED VENT
AND PRESSURE RELIEF VALVE

FLOW MEDIA: AIR, NITROGEN, HELIUM, LIQUID OXYGEN
OPERATIG PRESSURE: ADJUSTABLE 30 TO 60 PSIG
OPERATING TEMPERATURE: -300 TO +160 F
LEAKAGE: 200 SCIM MAX HELIUM AT -290 F
SIZE: h-INCH LINE
LIFE: 5000 CYCLES AT 68 PSIG and -250 F
VIBRATION: 10 0 TO 500 CPS

Figure B-7. Tank Vent Valve-Rocketdyne, A Division
of North American Aviation, Inc.
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TANK VENT VALVE

This design illustrates the pressure-loaded plastic lip seal used in the

main valve of a pilot actuated vent and relief valve.

Development of this poppet seal took place during a state-of-the-art

improvement program* for extreme environment components. No major

problems were encountered.

The success of this seal is directly attributable to its flexibility

and deformation control provided by the positive stop design. However,

seal fabrication does require the use of hot forming techniques and

special dies. Close control of the poppet and seal surface finish is

required.

*AFBMD-TR-60-55, Design, Development, and Testing of Advanced Liquid

Oxygen Tank Vent and Relief Valve, Part No. 551430, North American
Aviation, Inc., March 1960.
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SPHERICAL POPPET SEAT DESIGNS
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SPI'-RICAL POPPET SEAT DESIGN

.09

4 PH MR 3

17-4 PH .260 DIA.
.161 R CRES

IN X

OUT -

KEY PARAMETERS

VALVE TYPE.- 2-WAY, PILOT OPERATED
SOLENOID VALVE, 28 VDC

F1.'JW MEDIA: GASEOUS HELIUM, NITROGEN,
HYDROGEN; LIQUID NITROGEN,
HYDROGEN

OFRATING PRESSURE: 50 TO 5000 FSIG
OPERATING TEXPERAT1TRE: -423 TO +160 F
LEAKAGE: 10 SCIM MAX HELIUM
CAFACITY: 0.25 INCH ORIFICE
LIFE: 1Oj000 CYCLES
VIBRATION: 30 G TO 2000 CPS
TUBE SIZE: 3/8 INCH

Figure B-8. Piloted Solenoid V~alve--
North American Aviation,
Inc.
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PILOTED SOLENOID VALVE

The spherical seat and poppet utilized in this valve underwent extensive

development under a 2-year state-of-the-art valve improvement program.*

Some of the numerous designs tried were poppets with copper, Kel-F, or

Teflon inserts--laminates of corrosion resistant steel and Teflon, and

all metal configurations.

Most of the soft seats exhibited low leakage at ambient conditions and

excessive leakage at cryogenic temperatures. In addition, the poor

impact resistance displayed by Kel-F and Teflon during high-pressure

valve operation resulted in the adoption and successful employment of

the corrosion resistant steel, spherically lapped configuration shown.

Final match lapping of the poppet and seat is accomplished with special

fi-tures. A "mirror bright finish," when inspected at 20 to 40 power

magnification, is specified for both seating surfaces.

*AFBI)-TR-58-18, Design. Development, and Testing of Advanced Pneumatic

Solenoid Valve, North American Aviation, Inc., November 1959.

Preceding Page Blank
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SPHLIUCAL POPPET SEAT DESIGN

.687 DIA.-- f --

.62 DIA.SA FF8IRE

.'-' -5 .006_zm ~

54, 440 C CRES,
DIA.

BELLEVILLE
SPRING

OUT

KEY PARAMETE2RS

VALVE TYPE: PRESSURE RELIEF VA.;.VE
FLOW MEDIA: AIR, NITROGEN, HELIUM
CRACKING PRESSURE: 50 TO 100 PSIG
FULL FLOW PRESSURE: WITHIN + 2.5% CRACKINg PRESSIRE
RESEAT PRESSURE: NOT LESS ZRAN 94% OF CRACKING PRESSURE
OPERATING TEMPERATUREi -450 TO +300 F
LEAKAGE: 5 SCCM MAX HELIUM
CAPACITY: 0.12 ORIFICE
RESPONSE: 5 MILLISECONDS
LIFE: 50,000 CYCLES
VIBRATION: 65 G TO 2000 CPS

Figure B-9. Suap Action Relief Valve--

Frebank Company
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SNAP ACTION RELIEF VALVE

This snap action pressure relief valve employs a pressure sensing

diaphragm and the inherent instability of a Belleville spring to actuate

the poppet at a set cracking pressure. The design was the subject of

considerable development effort under a state-of-the-art improvement

program.4 A sapphire-to-metal poppet and seat was selected to provide

positive stroke control for operation of the Belleville springs in the

negative rate region, maintain material compatibility with storable pro-

pellants, and improve the vibration charncteristics by decreasing the

weight of the poppet. The spherical ball seats on a narrow land width

seat to provide a low leakage rate with relatively low seat loads and to

closely control the effective diameter of the seating surface.

The horizontal deflection of the metal diaphragm is unpredictable when

the poppet and diaphragm are assembled in the body, with the resultant

inconsistent concentricity of the poppet to the seat for each assembly.

Notable in the development of the valve was the attempt to eliminate the

problem by guiding the poppet onto the seat. The perpendicular spring

force of the installed diaphragm was sufficient to cause galling of the

guide. The addition of dry film lubricants did not eliminate the

problem.

Due to the above problem the -,alve must be repetitiously assembled and

tested to obtain an assembly that meets the delineated requirements.

*AFBSD-TR-61-71, Design Development and Testing of Non-Modulating

Pressure Control Valves, Frebank Company, December 10Gi.
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SPHERIICAL POPPET SEAT DESIGN

IN

.153

SSTELLITE

.1326 DIA.

KEY PARAMETRS

VALVE TYPE: 2-WAY, DIRECT OPEW-TE SOLENOID
VALVE, 28 VDC

FLW~ MEDIA: NITROGEN TETROXIDE., UDMKqI HYDRAZINE
TEST NEDIA: VITROGEN
OPERATING PRESSURE: 300 PSIA
OPERATING LFAERATURE: -65 TO +165 F
LEAKAGE: 1.0 SCC/HR MAX NITROOPY AT 100 PSI0
CAPiCITY 0.07 INCH CRIICE
LIt: 500,000 CYCLES (DESIGN OB3ECTIVE; 100,000 PROVEN)

Figure B-10. Propellant Control Solenoid Valve III--
Minneapolis-Honeywell Regulator
Company, Aeronautical Division
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PROPELLANT CONIMOL SOLENOID VALVE III

The spherically lapped seat design shown is utilized in a storable pro-

pellant control valve where extreme endurance life is required. As the

spherical seat allows some angular misalignment, an endurance life

greater than a similar conical design is expected. Additional advantages

of the design are compatibility with extreme space environments

(temperature, hard vacuum,. and radiation), a shorter stroke than

required for the conical design and excellent centering and sealing

characteristics.

On the negative side, performance characteristics are obtained only

through extreme control of poppet sphericity and fluid contaminants.

(Valves currently under test employ integral 10-micron filters.)
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SPHERIAL POPPET SEAT DESIGN

.156 131k.

• O78 DIA. l_--

TUNGSTEN *109 DIA.
CAR BIDE

.0015 - .0030

4o c DIA. IN

KEY PARAM4ETERS CE

VALVE TYPE: 2-WAY, DIRECT OPERATED
SOLENOID VALVE, 28 VDC

FLOW MEDIA: NITROGEN TETROXIDE, UDMH,
HYDRAZINE

TEST MEDIA: HELIUM, NITROGEN, WATER
OPERATING PRESSURE: 280 PSI0
OPERATING TEMPERATURE: -20 TO +160 F
LFAKAGE: 0.5 SCCM MAX HELIUM
CAPACITY: .060 INCH ORIFICE
RESPONSE: .006 + .0005 SEC
LIFE: 50,000 CYCLES
VTBRATION: 20 0 TO 2000 CPS
T'JBE SIZE: 1/4 INCH

Figure B-11. Propellant Control Solenoid Valve IV--

Rocketdyne, A Jivision of North
American Aviation, Inc.
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PROPELLANT CONTROL SOLENOID VALVE IV

This valve was designed to control fuel or oxidizer fluids for storable

propellant rocket engines. The design employs a poppet with a trapped

metal ball and a lapped, narrow metal seat.

The narrow seat with uniform width that is essential for good leakage

performance is obtained by lapping the seating surface with three sizes

of balls as shown. The seat must be generated from a round smooth bore

and a flat smooth face which is normal to the bore and the line of

poppet travel. In addition, the concentricity of the bo-e with the

poppet must be closely controlled. This design utilizes a loose fit

between the seat guide and body that allows the seat to center itself

on the poppet ball prior to welding the seat in place. The poppet ball

is maintained spherical within 25 millionths.

A hardened, high-strength material is used for the seat to provide a

low seat stress relative tc the yield stress of the material for an

increased endurance life, while preserving the narrow seat width.

The major problems with the design have been the maintenance of con-

centricity of the seat with the poppet upon assembly and the require-

ment of skilled, trained personnel for precision lapping to meet the

leakage requirements.
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CONICAL POPPET SEAT DESIGN

1-.25 RI

17-4~ PH CRE~S

RC h5-5o

_17-4 PH CRES
RC 42?-i4

KEY PARAMETERS

VALVE TYPE: CHECK VALVE
FLOW MEDIA: HYDRAULIC OIL, AIR,

NITROGEN, HELIUM,
CRYOGENIC FLUIDS

TEST MEDIA: AIR OR NITROGEN
OPERATING PRESSURE: 3000 PSlG
CRACKING PRESSURE: 2 TO 10 PSIG
OPERATING TEMPERATLRE: -300 TO +450 F
LEAKAGE: ZERO BUBBLE GN2 FOR 5 MINUTES

UNDER WATER
CAPACITY: .15 INCH ORIFICE
LIFE: 10 000 CYCLES GN2 AT 3000 PSIG

A 70 F
TUBE SIZE: 1/4 INCH

\A

FLOW

Figure B-12. All-Metal Chqck Valve-Randall Engineering
Corporation (Patent Pending)
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ALL METAL CHECK VALVE

This all metal check valve is designed for high endurance and low leakage

rates with mulPiple fluids, over a wide temperature range. The metal-to-

metal closure seal is provided by seating a radiused corner of the poppet

on a conical seat. A 16-microinch finish is ground on the poppet and

seat preliminary to match lapping.

Utilization of the inlet port to guide the poppet reduces the size and

weight of the unit, but provides a broken flow pattern with the asso-

ciated additional pressure drop.

Modifications of the design shown have utilized stellite on the seating

surfaces for ultra-high endurance (100,000 cycles) and a Teflon-coated

(0.002-inch) poppet for cryogenic service.
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SPIICA POPPET SEAT DESIGN

440 C CRES
RC 58-62

CHROME
ALLOY STEEL

*25 DIA*RC 60

303 (MES

KEY PARAMETERS

~t VAVE TYPE: INVERTED PRESSURE RELIEF VAL E
FLOW MEDIA: HYDRAULIC OIL
OPERATING PRESSURE: 100 TO 2300 PSI
OPERATING TEM~ERATURE: -65 TO +160 F
LEAKAGE: 2 CCM 4W'T1AT!1JC OIL
CAPACITY: 0.15 TNCH ORMF1,
LIFE: 50,000 CYCLES
TUBE SIZE: 1/4 INCP

Figure B-13. Inverted Relief Valve-erbow Manufacturing
Corporation (U.S. Patent No. 2,239,078)

B-34&



INVi"TEDI'E) IU"LIEI' VALVE

The inherent seat loading chara' terist es of this itiverted design and

the narrow seat width results .n low leakage. The seat is fabricated

by cylindrically lapping the bore, flat lapping the face and then

spherically lapping the face with an oversize tungsten carbide ball.

The resulting seat geomtry leaves a sharp corner free from burrs that

the poppet coins into a narrow land during valve asseinbly. No attempt

is made to match lap the seat and poppet for hydraulic service.

Pneumatic service, however, dictates match lapping to satisfy the more

stringent leakage requirements.
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SPIURICAL POPPET~ SEAT DESIGN

303 CRES

.075

INOU

ALUMINUM

MEY PARAkMETERS

VALVE TYPE: PRESSUR~E REG~ULATOR
FLOW MEDlIA: AIR, NITROGEN
INLET PRESSURE: 25 TO 0150 PSIG
UGOULATED PRESSURE: 31 +0- psii
3PERATING 17MPERATURE.-: 5 +1.60 F
LEAKAGEt 1.0 SCIM MA.X
:AFACITY: 0.02?) INCH ORIFICE
VIBRATION: 2 0 TO 100 CPS

10 (1, 100 TO 500 CPS
TUBEJ SIZE: 1/4~ INCH

Figure B3-14. A'bsolute Pressure Regulator-
Ciary3 Dynamnics Corporation
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ABSOLUTE PRESSURE REGUIATORL

This pressure regulator handles engine bleed air on a current, fighter

aircraft. The spherical poppet segment engaging the Kel-F seat is

highly polished to meet the leakage requirement. The design originally

utilized a conical poppet; however, with the light seating loads avail-

able, the spherical poppet was found necessary to ,neet regulation and

lockup requirements.
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SPITCAI POPPET SEAT DESIGN

303 CRES

.25 R

ARMCO MAGNETIC
IRON (.0003 TO

.19 DIA. .0005 INCH
ELECTROIESS NICKEL
PLATE)

KEY PARAMETERS
VALVE TYPE: 2-WAY, DIRECT-OPERATED OUT

SOLENOID VALVE, 28 VDC
FLOW MEDIA: FC-75 SILICONE FLUID
TEST MEDIA: WATER
OPERATING PRESSURE: 200 PSIG
OPERATING TEMPERATURE: -65 TO +160 F
LEAKAGE: 10.0 CCM MAX
CAPACITY: 0.14 INCH ORIFICE
LIFE; 2,000,000 CYCLES
TUBE SIZE: i/4 INCH

IN

Figure 13-15. Hydraulic Control Solenoid Valve-
Clary Dynamics Corporation
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HYDRAULIC CONTROL SOLENOID VALVE

This design, employing a epherical poppet and conical seat to control

the flow of a hydraulic fluid, utilizes a minimum number of parts to

effect a simple design of relatively low cost capable of over 2,000,000

cycles. However, low seat stress inherent in the design necessitates a

high leakage allowance.
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SPHMCAL POPPET SEAT DESIGN

900 - 0

ow~~~0 alo 09 DE561

.076 R

U. 1 30 CGRES

440 C CRESNYO

o4l8 DIA.

IN

BLEE

PILOT VALVE INLET VALVE

Figure B-16. Precision Loader-Rocketdyne, A Division
of North American Aviation, Inc.
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PRECISION LOADER

KEY PARAMETERS

VALVE TYPE: PRESSURE LOADING REGULATOR

FLOW MEDIA: AIR, NITROGEN, HELIUM

REGUIATED PRESSURE: 150 to 900 psig

INLET PRESSURE: 50-psig ABOVE REGULATED PRESSURE TO 3000 psig

OPERATING TIMPERATURE: -30 to +165 F

LEAKAGE: INLET VALVE: 5-scim MAXIMUM AIR

PILOT VALVE: 10-scim MAXIMUM AIR

CAPACITY: INLET VALVE: 0.029-INCH ORIFICE

PILOT VALVE: 0.004-INCH ORIFICE

TUBE SIZE: 1/4 INCH

The illustrated designs are the inlet and pilot valves for a low volume,

high-pressure regulator. This regulator is normally capable of ± 1.5%

steady-state accuracy; however, because neither valve is damped, the

regulator is vibration sensitive.

Leakage is not critical because the regulator continuously bleeds a

fixed amount of gas overboard, eliminating the requiremen for tight

lockup.
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SPfflgiICAL POPPET SEAT DESIGN

.001 - .002
I 'I./ r-.125 DIA

,I /'--321 CRES

- -TUNGSTEN CARBIDE

.1 DIA. -4O C CRS

OUT

I N

KEY PAMETERS

VALVE TYPE: IRESSURE RELIEF VALVE
FLOW MEDIA: HELIUM
FULLJ OPEN PRESSURE: 4000 PSIG
RESEAT PRESSURE: 3500 F313
OPERATING 'TEMPERATURE: -320 TO 140 F
LEAKAGE: 10 SCIM MAX iELIUM
CAPACITY: 0.015 INCH ORIFICE
LIFE: 1000 CYCLES
VIBRATION: 25 G TO 2000 CPS

Figure B-17. High-Pressure Relief Valve-Iocketdyne, A
Division of North American Aviation, Inc.
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HIGH-PRESSURE RELIEF VALVE

This high-pressure relief valve employs a tungsten carbide ball seating

on a lapped metal seat. The ball is allowed to float freely between

liftoff from the seat and the upper-limit stop. The stop is provided

to minimize instability caused by the rapid back-and-forth transfer of

effective poppet area during stroking. An extremely narrow seat land

width is maintained to obtain repeatable crack and reseat pressures.

This controlled narrow seat also guarantees the high seat stress required

for low leakage. The leakage is further reduced by precision lapping the

seat to obtain a 2-microinch finish and maintaining the sphericity of

the ball within 25 millionths.

Precise manufacturing procedures and extreme control of contamination

are required to obtain satisfactory operation.
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SPH11-IGAL POPPET SEAT DESIGN

303 CRES 1 . DIA.

t

.020

~ 440 C ORES

.2L42 DIA.

44o0 C RES

KEY PARAMETERS

VALVE TYPE: FRESSrIRE RELIEF VALVE
FLOW MEDIA: HELITTMN
OPERATING PRESSURE: 4500 TO 4650 PSIG (DISC NRUPTURE, CRACK FULL FLOWS

AND RESEAT)
OPERATING TEMPERATURE: 0 TO +160 FLEAKAGE: ZERO BEFORE DISC RUPTURE

20 SCIM MAX HELIUM, A"M FIST OUT" -
ACTUATION

CAPACITY: 0.0021 INCH ORIFICE
LIFE: 1000 CYCLES
TUBE SIZF: 1i INCH BURST

DISC

INFigure B-18. High-Pressure Relief Valve-Aqualite Corporation
(U.S. Patent No. 2,960,096)
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ITIGIf-PILESSIt; !RELII VALVE

This valve was designed and developed to operate as a thermal relief

valve for the main helium supply tankdi of a space vehicle. The use of a

Teflon burst disc guarantees extremely low leakage prior to the initial

activation. (Burst and flow are both accomplished in the piston annulus.)

Disc rupture, cracking, full flow and reseat to 20-scim helium leakage is

maintained within 3.3%. Unique in the design is the coi ination Teflon-

metal seat which affoids low leakage. Accuracy is maintained by almost

complete freedom from friction and bind through the use of ball joints.

While this component has proved its capability as a relief valve, the

burst disc function has not been thoroughly demonstrated. Annular width,

Teflon thickness, edge radius, installation and temperature change all

cause variation in burst pressure. A statistical test program is

required to ensure design feasibility.
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SP1ERICAL POPPET SEAT DESIGN

.- SAPPHIRE

OUT

~Avr .150 DIA.

KEY PARAMETERS

VALVE TYPE: PRESSURE RELIEF VALVE
FLOW MEDIA: HELIUM & FLUORINE GAS

COMBINATION
OPERATING PRMSURE s 280 TO 290 PSI0

(CRACK, FUU~ FLOW & RESEAT)
OPERATING TEMP'ERATURE: +30 MIt +100 F
LEAKAGE: 2 SCIN MAX HELIUM AT 280 PSI0

PRIOR TO FIRST ACTUATrON
20 SCIM MAX HELIUM AT 280 PSIG
AFTER FIRST ACTIVATION

cApAciTYt 0.o8 INCH ORIFICE
LIFE: 1000 CYCLES
VIBRATION: 25 0 TO 2000 CPS

TUBE SIZE: V/4 INCH

*1~ KN
Figure B-19. Fluorine Tank Relief Valve-Whittaker Controls

Division of Telecomputing Corporation
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FLUORINE TANK RELIEF VALVE

This valve was designed for use as a thermal relief in a fluorine tank

pressurization system. Compatibility of materials is achieved by the

use of stainless steel and sapphire ball and seat. The 3.3% crack,

full-open to reseat accuracy, results through the combination of a narrow

seat land, freedom from friction and bind and a narrow operation tempera-

ture range.

The ability of this valve to function during 25-g vibration has been

thoroughly demonstrated, the final design evolving after a series of

minor redesigns. Unstable buzzing during initial cracking generally

occurs but does not affect the accuracy or leakage. Extreme contamina-

tion sensitivity requires careful cleaning and filtration procedures.
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FIAT POPPET SEAT DESIGNS



CONICAL AND FIAT POPPET SE4AT DESIGNS

.o86 DT&.

NYLON0
6

ALU4I NUM

00ALUMI NUM~ 2 2L

90 0ALUMI NUM

PILOT VALVE MAIN VALIVE

KEY PARAMETERS

VALVE TYPE: PILOT OPERATED PRESSUTRE
RELIEF VALVE

FLOW MEDIA: AIR, NITROGEN., HELIUM
CRACKING PRESSURE: ADJUSTABLE FROM

300 MO 1000 PSIG
RESEAT PRESSURE: T '0T MOP':. THAN 10%PIO

BELOW CRACKING PRESSURE VENT
OPERATIING TEMPERATURE: -30 TO +160 F
LEAKAGE: 2 SCIM MiAX AIR AT 200 PSI

BELOW CRACKING PRESSURE
FROM EACH SEAT

CAPACITY: 0.7 INCH ORIFICE
LIFE: 1000 CYCLES
VIBRATION:t 25 G TO 2000 CPS
TUBE SIZE: 1 INCH

IN
Figure B-20. High-Capacity Relief Valve-Rocketdyne, A Division

of North American Aviation, Inc.

B-53



HIGH CAPACITY RELIEF VALVE

This pilot-operated relief valve is designed to protect pneumatic systems

and tanks from over pressurization. Pilot operation allows the use of a

relatively small reference spring which results in high capacity to

weight ratio. In addition. full-open capacity is achieved rapidly when

the cracking pressure is reached.

The pilot valve employs a conical metal poppet and nylon seat. A rela-

tively large differential angle ensures a narrow land contact for close

control of the relief setting. Yielding of the nylon b:lances out the

seat load to provide a tight seal.

The main valve utilizes a flat nylon poppet and flat metal seat. This

configuration, yieldin- under high load, forms a resilient seat capable

of successfully withstanding the impact stresses concommitant with

piloted operation.

Problem areas associated with this design are: (1) The nylon pilot seat

changes dimensions which result in variations in actuation pressure,

(2) small misalignments of the poppet members and 0-ring stiction can

cause large changes in actuation pressure.
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FIAT POPPET SEAT DESICUN

PILOT
CONTROL

SILASTIC RUBBER
COMPOUND (BONDED)7303 CRES

' - " IN" _

0/

VALVE TYPE: MODUIATING FLOW CONThOL R D SHUTOFF VALVE
FLOW MEDIA: NITROGENOPERATING PRESSURE: 180 TO 225 PSIG
OPERATING TEMPERATURE: +30 TO +160 F

LEAKAGE: .08 SCC14 ON AT 170 PSIG AND AMBIENT TEMPERATURE
LIFE: 1,000,9000 CYCLES AT 170 PSIG AND AMBIENT TEMPERA-

TURE (LEAKAGE MAINTAINED AFTER CYCLING)
VIBRATON: 3 0 TO 1200 CPS

Figure B-21. Electro-Pneumatic Thrust Controller-The Bendix

Corporation, Bendix Pacific Division
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ELECTRO-PNEUMATIC THRUST CONTROLLER

This design delineates the main valve of a pilot actuated space capsule

thrust controller. The significant features of the valve are the

extremely low leakage rate and the long life. The flat poppet has a

silastic rubber compound bonded to the poppet face that seals on a flat

seat. The seat member provides a metal-to-metal stop for the poppet

with the resiliance of the rubber providing the seal. The seal is pro-

tected from high vacuum by the parent metal of the poppet to prevent

sublimation.
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FLAT POPPET SEAT DLS IGN

2024 ALUMINUM

OUT

IN

KEY PAR&METERS

VALVE TYPE: 3-WAY, PRESSURE ACTUATED
FLOW MEDIA: HELIUM, NITROGEN, RP-1
OPERATING PRESSURE: 750 PSI0
ACTUATION PRESSURE: 750 PSIG
OPERATING TEMPERATURE: -65 TO 160 F
LEAKAGE: 1.0 SCIM MAX GN2
CAPACITY: 0.50 INCH ORIFICE
LIFE: 10,9000 CYCLES
VIBRATION: 25 G TO 2000 CPS
TUBE SIZE: 3/4. INCH

Figur e B3-22. Tank Pressurization Valve-Rocketdynie, A Division
of North American Aviation, Inc.



TANK PRESSURIZATION VALVE

Notable in this three-way, noninterflow valve design is the simplicity

of construction. The sandwich seat of plastic, assembled into the valve

through the outlet port and clamped by a two-piece poppet., allows a one-

piece body of geometric simplicity. The seat and poppet construction is

basically a high-load design, capable of withstanding the impacts caused

by rapid actuation. Relatively long boltnd members considerably reduce

impact stress and compensate for differentiol thermal expansion of

materials.

Due to the high capacity and long stroke of this valve, side loads during

actuation presented a severe bearing galling problem and necessitated the

addition of a dry film lubricant to the bearings and a filtered pneumatic

system.

The unbalanced poppet configuration employed in this design allows high

seat loads but renders the valve susceptible to dynamic instability if

the actuation pressure is obtained from a common inlet line with insuf-

ficient capacity.

During the development of the valve it was found that reduction of the

seat stress from 4500 to 1200 psi would allow maintenance of the leakage

while increasing life cycle reliability.
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FIAT POPPET SEAT DESIGN

302 CRES303 CRES

OUTLET
CHAMBER

CAMBER L"40 C CUES (TUNGSTEN CARBIDE
FLPJ4E PLATED)

1440 c cRES

KEY PARAMETERS

VALVE TYPE: PILOTED INLET VALVE
APPLICATION: MDULATING PRESSURE REG3ULATOR
FLOW MEDIA: AIR, NITROGEN,. HELIUM
OPERATING PRESSURE: 230 TO 5000 PSIG
OPERATING TMPERATURE:- -320 TO 500 F
LEAKAGE: 25 SCIM MAX HELIUM
CAPACITY: 0.31 INCH ORIFICE
LIFE: 10,000 CYCLES
VIBRATI-ON: 25 G A T 5 TO 2000 CPS

Figure B-23. Regulator Inlet Valve-Rocketdyne, A Division
of North American Aviation, Inc.
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REGULATOR INLET VALVE

This design reduces the forces required to operate the main poppet but

retains the full unbalance when seated to maintain high seat stress and

minimum leakage. The illustration details construction of both the main

poppet and the pilot fully seated. A force applied io the pilot push

rod acts to open the pilot seat.. The open pilot allows the pressure in

the pilot chamber (initially equal to supply pressure) to decay suffi-

ciently t~o permit the pressure forces t.o open the main poppet. In the

modulating regulator application regulator actuator forces operate the

pilot to position the main poppet in accordance with the flow demand

imposed upon the regulator, The unbalanced forces consist of only the

pilot chamber pressure acting over the pilot seat and the pilot spring

force.

This design was used successfully in a modulating regulator designed

and developed as part of a 2-year state-of-the-art improvement program4

for the Air Force Ballistic Missile Division. The digital computer

simulation of the regulator actuator and inlet valve predicted constant

limit cycling of the inlet valve, but no observable cycling of regulated

pressure. In practice, however, the effect of the oscillating inlet

valve was destructive instability. This necessitated the incorporation

of coulomb friction damping between the main poppet and sleeve to

stabilize the system.

Leakage across the flat-lapped seats under minimum pressure conditions

(230-psig in and 30-psig out) was maintained below the specified value

at seat stresses as low as 2650 psi on the main seat and 475 psi on the

pilot seat. At maximum supply pressure, maximum main seat stress was

66,000 psi. Seat flatness was better than 1/2 a helium light band.

i

*AFBMD-TR-60-74, Design, Development. and Testing of Advanced Helium

Pressure Regulator, North American Aviation, Inc July 1960
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I ~ ~ -440 C CRES

440 C CRES
.010 .0147 DIA.

IKY PARAKEERS

VALVE TYPE: 3-WAY DIRECT OPERA TED
SOLENOID ULVE9 28 VDC

FLOW MEDIAt AIR, NITR.OGEN, HELIUM ?
OPERATING PRESURE: 750 PSIG 0
OPERATINCI TEMPERATURE: -320 TO

+160 F
LFALKAOEt 5 8dM AKX HELIUM

AT -320 F
CAPACITY: .030 INCH ORIFICE
RESPONSE: 10 MILL13ECONDS
LIFE% 10,000 CYCLES
VIBRATION: 25 G TO 2000 CPS

Figure B-24a. Pilot Control Solenoid Valve-
yeston Lbdraulics, Ltd.
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PILOT CONTROL SOLENOID VALVE

Metal-to-metal flat poppets and seats are used in this design to obtain

low leakage over a wide range of temperatures. The combination of size

and operating pressure economically allows aln unbalance design which

eliminates the need for dynamic seals and external bleed.

The poppet discs and seats are lapped extremely flat (less than 1 light

band) to obtain bubble-tight leakage of helium at room temperature. The

proved cycle life is due to the extreme hardness of the seat materials

in addition to the outer seat land used to facilitate lapping and ensure

uniform application of seating load (or stress).
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FIA POPPET SEAT DESIGN

3347 CRES.

.016

A015 
A286 OCifLE

OXIFUEL VALVE

1.00iion o ort AmrcaAiainEnc
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GAS GENERATOR CONTROL VALVES

KEY PARAMETEWS

VALVE TYPE: 2-WAY, PRESSURE ACTUATED, DUAL POPPET VALVE

FLOW MEDIA: LIQUID NITROGEN, OXYGEN, RP-1 FUEL

OPERATING PRESSURE: 800 psig

ACTUATING PRESSURE: 300 psig

OPEATING TEMPERATURE: OXIDIZER VALVE: -320 to +160 F

FUEL VALVE: -liO to +160 F

LEAKAGE: OXIDIZER PORT: 5-scim MAXIMUM GASEOUS NITRO-
GEN AT -320 F

FUEL PORT: 1.0-scim MAXIMUM GASEOUS
NITROGEN AT 70 F

CAPACITY: OXIDIZER PORT: 0.61-INCH ORIFICE

FUEL PORT: 0.94-INCH ORIFICE

LIFE: 2500 CYCLES

VIBRATION: 20 g to 2000 cps

This dual poppet configuration controls the flow of fuel and cryogenic

fluid to a missile gas generator. The design approach has proved both

advantageous and reliable in meeting stringent leakage requirements

while positively ensuring a controlled opening of both valves.

1OOX Teflon molded seal is bonded to the oxidizer poppet face under

heat and pressure. Critical temperature, pressure and cleanliness con-

trols are mandatory if adequate adhesion is to be obtained. A final

machining after bonding provides the finished seat surface. The step

configuration precludes the necessity of maintaining close normality

and flatness, and provides the high loading required for cryogenic seal-

ing with Teflon.

A major design consideration is the stressing of the Teflon seal. The

seat stress must not exceed 5000 psi or extrusion will occur. Under

ideal conditions, stresses below 150 psi have provided bubble-tight

sealing at 800 psig and cryogenic temperatures.
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Disadvantages of the design are the rigorous manufacturing and functional
test controls required to preclude separation of the Teflon seal from the

poppet face.

The fuel poppet employs a Buna-N rubber seal that is chemically bonded
into a machined undercut in the poppet face. The special cross-section
profile of the rubber seal has a protrusion in the center and voids on
both sides. When the poppet is seated, the protrusion is compressed to
fill the void until the steel face of the poppet bottoms on the body seat.
The major problems associated with the design are temperature limitations
iuherent with the use of rubber seals and the specialized manufacturing

processes required.
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FIAT POPPET SEAT DESIGN

4o5

Preceding Page Blank B6



LOW-TEMPENATURE RELIEF VALVE

KEY PARAMETERS

VALVE TYPE- PILOT-OPERATED RELIEF VALVE

FLOW MEDIA: AIR, NITROGEN OIl HELIUM

CRACKING PRESSURE: 300 to 540 psig

OPERATING TEMPERATURE: -250 to .140 F

I %AKAGE: lO-scim IfELIUM AT 10), BELOW CRACKING PRESSURE

CAPACITY: 0,023-INCII ORIFICE-PILOT VALVE; 0.5-INCH
ORIFICE-MAIN VALVE

VIBRATION: 25 g AT 5 TO 2000 cps

This three-way pilot valve design is entirely contained within the main

poppet of the pilot-operated pressure relief valve shown. A flat lapped

metal-to-metal poppet and seat construction provides low leakage and

accurate control from room to cryogenic temperatures. Because of the

high loads available, a soft nylon seal is used on the larger main

valve, with resultant low leakage and relative ease of manufacture.

The major problem experienced with the design has been the inclination

of the poppet to "rock" off the seat upon actuation, resulting in poor

reseat characteristics. Factors contributing to this problem are:

1. Inadequate guiding of the actuation pins.

2. Failure to provide a full radius on the contact end of the

actuation pin.

3. Failure to adequately center the actuation pins on the poppet.
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FLAT POPPEE SEAT DES IGN

-- e600 DIA.

VITON A

ALUMINUM

IN

KEY PARAMETERS

VALVE 7YPE: CHECK VALVE
FLOW MEDIA: AIR, NITROGEN, HELIUM, OXYGEN

OR RP-1 FUEL VAPORS
OPERATING PRESSURE: 0 TO 1000 PSIG
CRACKING PRESSURE: 3 TO 5 PSIG
FULL OPEN PRESSURE: 10 PSIG
OPERATING TEMPERATURE: -320 TO +160 F
LEAKAGE: MEPASURED IN FREE FLOW DIRECTION

AT 0,5 PSIC)
-320 F: 10 SCIM MAX HELIUlM
-65 To +160 F: ZERO BUBBLE LEAKAGE

FOR 3 MINUTES
:APACITT: .06 INCH ORIFICE
LIFE: 10,000 CYCLES
VIBRATION: 25 0 TO 2000 CPS
TUB3E SIZE: 1./4 INCH

Figure B-27. Vent Port Check Valve-IRocketdyne, A Division
of North American Aviation, Inc.
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VENT PORT CHECK VALVE

This component represents a series of valves designed to protect the

internal portion of components (which require a vent to atmosphere)

against the entrance of moisture or contaminants. The large external

seat configuration ensures the maintenance of a low cracking pressure

in the event of ice formation over the velve. The flat-lapped molded

Viton A rubber seat construction results in an excellent seal throughout

a wide range of temperatures and conditions.

After considerable service experience it was found that following

several days storage the Viton rubber would cling to the poppet causing

a substantial increase in crackIng pressure. This problem was solved

by the application of a nonremovable dry film lubricant to the rubber.
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SPECIAL POPPET SEAT DESIGNS
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C-RNG DESIGN

2024 ALUJMINUM4

TEFLON 0-RING

CONTROL

VALVE TYPE PMSUIRE .CTUATED
SHUT-OCF VALIVE

FLOW MA: RP-1 OR MIL-0-5606
OpERATI PRz~sURE:. 0 To 1500 PSIG
ACTUATING!OEi~SURE: 750 PS10
oPEuI2IG TEW~ERATURE: -65 TO .165 F
LEAKAGE: 1 SCIM MAX ON2
CAPACITY: 0.52 INCH ORIPCE
LIFE: 2500 CYCLES AT 1000 PS810
VIBRATION: 25G0TO 2000 CPS

TUBEE SIZE: 3/4 ThCH

Figure 13.28. Fuel Igniter Shutoff Valve-Rocketdyne, A
Division of North American Aviirtion, Inc.
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FUEL IGNITER SHUTOFF VALVE

This design represents one of many ways to achieve a plastic-to-metal

poppet and seat. The use of plastic results in low leakage with rela-

tively little effort in manufacturing ap compared with metal-to-mecal

designs. The Teflon allows a wide range of compatibility.

Since the critical sealing element utilized in this design is plastic,

careful attention must be given to loads and deflections, with due con-

sideration to high-temperature effects. Leakage performance improves

as unit loading on the seat increases; therefore, for best leakage per-

formance, a unit stress equal to the yield stress is used. There has

been no attempt .o control the maximum seat load dimensionally. The

material is allowed to deflect until the acceptable unit load is achieved

or metal-to-metal contact occurs.

The major problems with the design are those associated with the plastic

seel, i.e. (1) material compatibility with extreme temperatures, (2)

feasibility of retention of the plastic for small size valves, and (3)

inaccurate prediction of the effective seat area due eOo wide seat land.
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FRUID 0-RING SEAT DESIGN

.375 DIA. -- --

-BUNA N 0 RING

2024 ALUMINUMtW7

2024 ALLJWINUM
2024b AlUMInII

VALVE TYPEs 28 VDC, 2 WAY, DIRE~CT
OPERATED SOLENOID VALVE

FLOW MEDIA: AIR. DTITPOO"!. Ul!LIUM
OP RATING TINEPRATURn: 65 TO 160 F
OPTRATING PRSURe.: 10OC PSIG
IEAKA(Eit 1.0 SCIM MAX GN2
CAPACITY: 0.25 INCH ORIICE
RESPONSF: 0.03 SECONDS
LIW-: 10,000 CYCLTS
VIBRATION: 25 G TC 2000 CPS
TUBE SIZ1 3/8 INC__

Figure B-29. Two-Way Solenoid Valve-Rocketdyne, A Division of
North American Aviation, inc. (Fujrecraft
Patent No. 2,971,090 Licensed 0
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TWO-WAY SOLENOID VALVE

This valve incorporates a seat design proved by long use to be extremely

reliable. The flexible rubber seal is utilized to obtain low leakage

and to pressure balance the poppet by dorble seating, thus eliminating

dynamic seals. By surrounding the poppet with inlet pressure, all

external bleed holes are eliminated. Although the valve shown is a

two-way solenoid valve and rated for 1000 psig, the seat design has been

used for three-way or four-way, normally open or normally closed appli-

cations up to 3000 psig.

Leakage, which is normally near zero, is easily increased by imperfec-

tions in the rubber finish, which may or may not be manifested in the

functional test. In addition, the rubber neat has a limited temperature

range and fluid media application, and renders prediction of the amount

of imbalance across the seats a difficult task.

Versatility of the valve is limited by inability to withstand reverse

flow. High pressure drop in the reverse direction can cause blowout

of the seals. Not usually recognized is the fact that the sudden shut-

down or venting of a system often causes reverse flow and valves of

this type can be damaged.
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ECTIP1E 0-RING SEAT DESIGN

BUNA N 0- RINGO
.10 00 SHORv'

.001 .00 3 R

Rrr-"R'N:. PRISURE

0OUT

JaM PhJTETERS

VALVE TYPE:,. PRES3SUR7 REGULATOR
PlOW MEDIA: AIR. HELIUMw. NITROG7N
INLET PRMSURE: 50 PSIG ABOVE REGULATED

PR'5ISIRF TO 3000 P310
REGULATED PRESSURE: 1.00 TO 800 PSIG

ADJDSTABLE
OPERATING TEMPRATURE: -65 TO +160 F
IZAXAGE: 1 SCDM MAX iFLIUM~
CAPACITY: 0.29 INCH ORIFICE
LIPE: 10,000O CYCLES
VIBRATION: 25 G TO 2000 CPS

Figure B-30. Balanced Pressure Regulator-Rocketdyne, A Division of North
American Aviation, Inc. (Futurecraft fate qit No. 2,971,090
Licensed to North American Aviation, Inc.)
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BALANCED PRESSURE REGULATOR

This compact pneumatic pressure regulator utilizes a balanced poppet to

maintain a constant regulated pressure without regard to variations in

supply pressure or rapidly fluctuating flow demands. The design is a

typical application of flexible rubber on the poppet sealing against a

metal seat. The advantage of the design lies in the tight shutoff with

near balanced seating that can be achieved with the soft poppet. The

flexibiiity of the poppet seal permits some tolerance stackup and imper-

fections in the seat surface. The application of the design is limited

by: (1) the temperature limitations of the seal material, (2) pressure

seeping behind the O-ring will blow out the seal upon sudden veating,

and (3) inadvertent reverse flow will also blow out the seal.
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R2QWTING MINDER DESIGN

6061 AT,UMfNWh

. .. ... 75 DTA

.50 R

VALVeC TP i CTLINICAL VALVE
FLOW MEDA a AIR.* NMlOOM. MUM13
OTDO.A TVPR60-SMEt 0 TO 600 PSO
O~3AT.NO ?T MTURE -65 TO +165 I
LhAIJE 15 $=MAX ON2
SIZEt 0.375 DMN HOT + OUT
!.7', 1000 CYCRS AT AMPIPM1 TP2WMATr,E I

IN -- OTIT

Figure B-31. Cylindrical Valve--Rocketdyne, A Division
of North American Aviation, Inc.
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CYLINDRICAL VALVE

This cylindrical design is easier to f-bricate than a comparable ball

valve, yet provides the same prespure drop and overtravel characteristics.

The design is limited to those applications wherc accurate definition of

the effective seat area is not critical and a nonmetallic seal is

acceptable.

The design involves no fabrication problems, although reasonable care

must be exercised to ensure the required finishes and dimensional con-

trols. The seat surface is easily generated by conventional cylindrical

grinding methods.

The nonuniform type of seat loading and the variable width and difference

in radius between the seal and the cylinder make the unit load limits

and the effective area difficult to define. The seal distortion, result-

ing from fluid pressure loading, is a complex function of seal material

properties and geometry, specifically the wrap-around angle.

The wiping action of the seal iimits the choice of material to those

with minimum galling tendency. Previous experience has shown nonmetallic

seals (usually carbon or plastic) to have nongalling characteristics

superior to metals, although some combinations of metals may be used

with minimum risk.
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ROTATIN4G BALL DESIGNS
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FLOW

347 CRES

EXTERNAL
PRESSURE
CAVITY

1. 75 DIA.

INCOL-1 
0

VALVE TMf: BALL VALVE
PLOW MEDIA: LIQUID OXYGEN
TEST MEDIA: LIQUID NflROGEN
OPERATING, PRESSURE: 1800 PSI0
OPERATING TDEMATUREi -320 TO 160 F
LEAKAGE1 20 SCrt4 MAX ON2
SIR:t 1.75 INCH HOLE
LIPE: 1000 CYCLES
VIBRATION: 25 0 TO 2000 CPSi

FiguZ'@ B,32. Propellant Ball Valve-locketdyne, A Division
of North American Aviation, Inc.
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PROPELLANT BALL VALVE

"his valve features tht low pressure droi. and overtravel characteriatics

for which ball valves are noted. Requirementa arise where pressure drops

of less than 5 psi are required in a high-velocity line, or an overtravel

requirement exists, suih as the simultaneous operation of two valves.

An exceedingly large, or streamliIed poppet-type valve would be neces-

sary to meet the equivalent pressure drop requirement.

The seal in this configuration is a machined Kel-F ring inserted into a

machined groove, with an initial line contact with the ball. The pressure

and sprinG force against the seal cause the plastic to yield, increasing

the contact area until the stress balances out at the yield stress or

less. The illustrated valve utilizes a balanced bellows. The ball seal

contact diameter is only slightly larger than the effective pressure

diameter of the bellows to ensurc positive contact between the seal and

ball. The bellows spring force aids in sealing aqt low pressure. The

seal line of the plastic at the bottom of the retainer groove is designed

to seek its yield stress area in the same manner as the ball seal. The

effective diameter of this seal line should be equal to or greater than

the seal-to-ball line to prevent external pressure from tending to

separate the bellows from the ball.

Good manufacturing practices are necessary to meet the noted leakage.

A 4-microinch finish and 0.0005 sphericity is maintained on the ball to

match a 16-microinch surface on the contact face of the seal. The seal

and retainer are held concentric within 0.005 TIR, with a 16-microinch

finish on the seal and bottom surface of the groove.
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CRYOGENIC BALL VALVE

This ball valve is designed for low pressure cryogenic service in a

spacecraft propulsion system. The outstanding features of the design

are the spring-loaded ball seals and the use of a small ball in a larger

l±ne to meet the flow requirements. The spring-loaded seals minimize

the problems of seal fitting during assembly and allow for substantial

tolerance buildup of mating parts and wear-. The inherent low pressure

drop characteristic of a ball valve coupled with the venturi sections

in the flow passage allows use of the 'maller ball to decrease the seal-

ing area and reduce, the weight of the valve and actuator. However, the

venturi sections tend to increase the installation length.

B-83



ROTAT IG BALL DESIGN

OT

IN +•OUT
INI

17-4 PH CRIS

.391 DIA. +

VALVE TYPE: BALL VALVE
FLOW MEDIA: IRPWA OR UhH
TEST MEDIA: HELIum
OPERATING PRESSURE: 70 PSIG
OPERATING TD(PERATU1E: -65 F TO +160 F
LEAKAGE: 10 SCC/HR MAX HLIn
SIZE t ,391 INCH HOIE
LIFE: 50 CYCLES

rigure B-34. Propellant Control Ball Valve-
Clary Dynamics Corporation
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PROPELIIANT CONTROL BALL VALVE

This ball valve -was originally designed for helium service, and has

oubsequently been ased with storable hypergolic propellants in a satel-

lite rocket engine system. The ball is retained between Teflon seals,

without provision for spring preloading. The seal loading is accomplished

by brirging the inlet fitting into direct contact with the seal, after

individually fitting the seals to the valve.

The simplicity of the design concept is the basis for aeveral disad-van-

tages that must be considered:

1. The design is not suitable for long life or field repair.

2. Individual seal fitting is critical and tedious.

3. The design is particularly susceptible to finish imperfections

on the rotating ball.
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B tLY DESIGN

/-.1.92 R .AW60CRE

, /i---INVAR

303 CRES

KEL-F
303 CRES

431 CRFS

IN

VALVE TYPE: BUTTERMLY VALVE
FLOW %EDIA: LIQUID OXYGEN
OPERATING PWSIREs 1000 PSIG
OPERAING T4PRATURE: -423 TO 160 F
LZAKAt& 5 SCIM OASEOW NITROGEN AMBIENT;

300 SCIM CRYOGENIC
SIZE t3 IN LINE
LII!: 2000 CTCLES
VIBRATION: 25 G TO 2000 CPS

Fiulae B-35. Propellant Butterfly Valve-Rocketdyne, A
Division of North American Aviation, Inc.
(U.S. Patent No. 2,893,682)
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PROPELLANT BUTTERFLY VALVE

This design is a high-pressure butterfly valve for control of liquid

propellants or cryogenic fluids. The valve utilizes a section of a

steel sphere as the gate and a Kel-F plastic lip seal. The lip seal is

bolted to the valve body with a serrated retaining ring and closely

spaced, multiple bolts. The 0.015 to 0.020 high serration prevents

unwanted shifting of tLe seal on the body and provides the high loading

necessay for preventing leakage between the flange and the seal. Invar

spacers are used in the retainer for cryogenic service to ensure that

the thermal contraction of the combined lip seal retainer, and Invar

spacer is equal to that of the bolt. This arrangement does not permit

a decrease in bolt torque with decreasing temperatures. The seal back-

up is shown integrally machined with the 'body, but has been shown to be

unnecessary for cryogenic service since the seal is raised off the back

lip and supported by the gate when the valve is closed.

The dynamic seal is obtained by forming the seat at approximately a 10-

degree angle from the tangent to the gate to allow the seal to bear on

the gate at the radiused corner (0.005 to 0.010 inch). Flexing of the

Kel-F lip at installation and under pressure causes more of the lip to

bear on the gate maintaining the seating stress below the yield stress

of the material. The radial interference between the gate and seal is

designed to be approximately 0.01 in.,'in. of the inside diameter of the

seal, when an 0.075-inch-thick seal is used. Thinner seals will pro-

vide greater and thicker seals, less interference.

The two major problems with the design have been: (1) maintaining an

effective seal during and after chilldown to cryogenic temperatures,

and (2) limiting th seal deflection during valve closure so as to pre-

vent the seal from being damaged by deflecting down into the path of the

gate while closing.
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Advantages of the design are: (1) unique combinations of low weight,

low pressure drop, low actuation energy requirements, and short instal-

lation length, and (2) Kel-F seal is capable of: resisting cold flow,

flexibility at cryogenic temperatures, maintaining a seal by conformance

to imperfections in gate and housing, and compatibility with most

propellants.

Disadvantages of the seal design are: (1) complex retention design,

(2) seal fabrication is limited to forming from sheet material of

essentially the same thickness as required for the seal, and (3) the

seals must receive thermal treatment to control crystalinity for maxi-

mum strength and flexibility.
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MODIFIED BUTTERFLY DESIGN

GARTER SPRING

KEL- F OT -- IN/--7075-T6 ALuxi

OUT 2.19 R

VALVE TYPE: BITERPLY VALVE
FLOW MEDIA: LIQUID OXYGEN
TEST MEDIA: LIQUID NITROGEN
OPERATING PRESSURE: 40 PSIG
OPERATING TEMPERATURE: -320 TO +160 FLEAKAGE: 30 SCIM MAX 0 80 PSIG

(12 SCIM MAX @ 6 PSIG)
SIZE: 4* INCH LINELIFE: 1000 CYCLES
VIBRATION: 20 G TO 2000 CPS

Figure B-36. Modified Butterfly Valve-Clary Dynamics

Corporation (U.S. Patent No. 2,988,320)
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MODIFIED BUTTERFLY VALVE

This modified butterfly valve possesses the unique feature of supporting

and protecting the seal from flow forces and icing when the valve is

open, thereby ensuring a uniform sealing surface free from cold flow

effects. Since the seal is unsupported during a portion of its rotation,

the edge of the gate is generously radiused where it initially contacts

the seal. When the valve iE closed, sealing is augmented by forcing

the plastic lip seal against the gate with both differential pressure

and spring force.

The major problem associated with the design is the prevention of seal

destruction through its deflection into the gate path during closure.

The cost of fabrication of this design is relatively high.
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- FLOW -- sw

1.5 DIA. 74P

RALOW 2EI: I

&PHOUSING DRY!~IDE F75TILM0

FLINDf~TfE 7 O.5

SimIt* 0* IFC BI
LfS 1000 TLAA 0 30& 0F

Figre -37 MAUSea utrl av-eoCryDvso

of Aroflw Dyamic, Ic. (aten Pening
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METAL-SEAL BUTTERFLY VALVE

This butterfly valve was designed for use in an airborne system to con-

trol the delivery of engine bleed air. The most significant design

feature is the incorporation of a two-piece floating seal that provides

relatively low leakage characteristics and long life under large varia-

tions of temperature.

The two-piece convoluted seal is restrained axially within the valve

body, but is allowed to float within the valve housing. By this means,

the effect of differential expansion between the gate and the valve

housing due to variation of temperature. pressure, etc., is negligible.

Binding between the gate and seal is minimized by forming the under lips

of the seal to an involute profile, so that contact with the radiused

edge of the gate is always in a direction normal to the seal surface.

All free edges of the leal members are within the bousing to provide

protection from flow forces.

The gate has an off-center shaft to form a plugging action as it goes

into the seal and to give an unbalanced open moment to aid in the

opening of the valve. Radius No. I shows the path of the maximum

diameter of the butterfly as it pulls away from the seal to decrease

interference of the gate and seal. Radii No. 2 and 3 delineate the

paths taken at the maximum diameter radius of the seal edges to relieve

the interference fit of the seal. This action pulls the gate away from

the seal on the first movement and allows no contact after the first 5

degrees of rotation to increase the life of the seal.

The disadvantages of the design lie in the relatively low pressure

limitations, the expensive tooling, and the excessive machinery setup

time required for manufacture.
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